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ABSTRACT

Polymeric biomaterials are widely used in blood contacting devices. The 

inevitability of thrombus formation on biomaterial surfaces in contact with blood 

requires the presence of an antithrombotic agent to enable clinical use, with possible 

complications. Therefore, the development of biomaterials with improved blood 

compatibility is an important objective. For polymeric biomaterials, options for 

improving blood compatibility are polymer synthesis, formulation and modification, 

with modification the focus of this project. Modification approaches studied in this 

project were the increase in polymer hydrophilicity by utilisation of poly(ethylene 

oxide), alterations to cellulose by chemical modification and the attachment of the 

anticoagulant heparin and the preparation of biomembrane-mimetic surfaces.

Material assessment covered protein adsorption and an in vitro blood compatibility 

evaluation. The protein adsorption study investigated the influence of materials on 

fibrinogen and albumin, as determined by radioactivity measurement of 125I-labelled 

single protein. The emphasis in the blood compatibility evaluation was on 

complement activation, as represented by measurement of C3a generation, and the 

contact phase activation of blood coagulation, as represented by measurement of 

factor Xll-like activity (FXHA). The blood compatibility evaluation required the 

establishment of a modified incubation test cell capable of providing a consistent area 

of material in contact with blood and a response appropriate to the selected parameter 

measurement. The protein adsorption studies demonstrated that both the type of 

polymer surface and the modification procedure influence the adsorption. A 

pronounced reduction in protein adsorption was obtained with a biomembrane­

mimetic surface. Increase in hydrophilicity by the utilisation of poly(ethylene oxide) 

can increase albumin adsorption and markedly reduce fibrinogen adsorption. The 

blood compatibility assessment indicates that alterations to polymer surfaces can 

strongly influence complement activation but have little influence on contact 

activation. The evidence confirms the potential of polymer modification as a means 

of improving blood compatibility and supports the further investigation of the 

relationship between modification and different features of the blood response.
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CHAPTER 1

INTRODUCTION



1.1 BIOMATERIALS
A biomaterial has been defined as a material of synthetic or natural origin, 

used in contact with tissue, blood or biological fluid and intended for use in 

prosthetic, diagnostic, therapeutic or storage applications (Courtney et al 

1993a). Biomaterials can be grouped into different types. Table 1.1 lists types 

of biomaterial and their major applications.

Polymeric biomaterials have a widespread application and are particularly 

important for artificial organs. The advantages of polymeric biomaterials 

include lightness in weight, ease of processing, and versatility, in that 

polymerisation and modification enable wide possibilities for obtaining desired 

structures. However, polymers are not ideal, as they have low thermal 

conductivity and heat sensitivity'. Additionally, it is difficult to achieve a high 

level of product consistency, since polymers may have to undergo ingredient 

incorporation, purification, fabrication and sterilisation.

The utilisation of polymers as biomaterials is a subject of continued clinical, 

scientific and industrial interest (Szycher 1983; Sharma and Szycher 1991), and 

polymeric biomaterials formed the focus of this project.

Table 1.1 Typical Classes of biomaterial *

Type of Biomaterial
—

Application

Polymer Widespread, e.g. artificial organs

Metal
.... .............

Implants

Ceramic Implants, special membranes

Carbon (inert pyrolytic carbon) Mechanical type heart valve

Composite Fibre-reinforced polymers

* From Courtney et al 1993b
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1.2 BLOOD COMPATIBILITY
When biomaterials are brought into contact with biological fluids of the 

human body, such as blood or tissues, the key issue is generally to minimise 

thrombogenic, toxic or allergic reactions. The ability of a biomaterial to 

perform without a clinically significant host response has been considered 

under biocompatibility. In the case of a biomaterial contacting blood, the focus 

is on the blood response or "so-called" blood compatibility. Blood 

compatibility has been regarded as an aspect of the overall biological response 

and relevant information can be derived from the knowledge of 

blood-biomaterial interactions, the influence of biomaterials on blood 

constituents and the events which induce thrombus formation on biomaterial 

surfaces (Andrade et al 1981; Szycher 1983; Murabayashi and Nose 1986; 

Ringoir and Vanholder 1986; Forbes and Courtney 1987; Forbes et al 1989; 

Vanholder and Ringoir 1989).

Although the application of biomaterials extends over a period of about 

100 years (Williams 1987), the biocompatibility of biomaterials is still not well 

resolved. Unlike human endothelium, all biomaterials initiate blood 

coagulation when in contact with blood. Consequently, the application of 

biomaterials in clinical situations generally requires the administration of an 

antithrombotic agent, which could result in the risk of bleeding. Therefore, 

improvement in the compatibility of biomaterials to reduce and perhaps to 

eliminate the use of these antithrombotic agents is highly desirable for the 

development of blood-contacting devices, such as the artificial kidney (Nose 

1988; Ringoir and Vanholder 1990) and the artificial heart (Didisheim et al 

1989; Kambic and Nose 1991).

1.3 OPTIONS FOR BLOOD COMPATIBILITY IMPROVEMENT

Biomaterials for blood-contacting devices are dominated by the use of 

polymeric biomaterials. Factors influencing the properties of polymeric 

biomaterials are polymerisation methods, polymer ingredients, purification 

techniques, polymer fabrication and sterilisation procedures (Courtney et al

2
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1993b).

The options for improving the blood compatibility of polymeric 

biomaterials are polymer synthesis, polymer formulation and polymer surface 

modification. An example of polymer synthesis in order to improve blood 

compatibility is the preparation of polyurethanes (Grasel and Cooper 1986; Liu 

et al 1989). An example of utilising polymer formulation in order to improve 

the blood compatibility is the selection of a plasticiser for poly(vinyl chloride) 

(PVC) blood tubing (Blass et al 1991; Blass 1992).

The development of biomaterials with improved blood compatibility based 

on novel polymer synthesis is hindered by establishment of a manufacturing 

process capable of fulfilling the production level necessary for clinical 

utilisation. Improving biomaterials with better blood compatibility based on 

different polymer formulations is generally restricted to the polymers where a 

polymer ingredient is a major constituent. Therefore, polymer surface 

modification offers a more widespread option.

It is important that the consideration of blood compatibility should not be 

isolated from the fact that the biomaterial must possess a functional 

characteristic in order to fulfil its intended clinical purpose. This functional 

characteristic may be flexibility for blood tubing or catheters, solute 

permeability for a membrane to be used in an artificial kidney, or gas 

permeability for a membrane to be used in an artificial lung. In addition, the 

biomaterial must also possess an acceptable degree of mechanical strength for 

practical application, which includes the stability of a biomaterial in biological 

environment. Together with the biocompatibility, the functional characteristic 

and the mechanical strength can be regarded as the fundamental properties of 

a biomaterial (Figure 1.1). In general, it is very difficult for polymer synthesis 

and polymer formulation to obtain the desired blood compatibility' and the 

required mechanical and functional characteristics at same time, but this can 

be achieved by a more advantageous option, polymer surface modification. 

Polymer surface modification concentrates on alteration of the surface 

properties of an existing biomaterial, which possesses the satisfactory

3



functional characteristic and mechanical strength for clinical application. The 

potential advantage of polymeric biomaterial modification is that of enhancing 

compatibility with minimal alteration to material production and its other 

properties. Polymer modification was the main research interest of this project.

1.4 MODIFICATION TECHNIQUES

The surface properties of biomaterials can be altered by various methods, 

many of which have proved capable of improving blood compatibility to some 

extent. The effective techniques for polymer modification can be grouped into 

the following categories:

1. Alteration to surface physical properties

2. Treatment of surfaces with protein

3. Increase of surface hydrophilicity

4. Surface chemical modification

5. Attachment of antithrombotic agents onto surface

6. Preparation of biomembrane-mimetic surface

These techniques have been developed on the basis of knowledge derived 

from the investigation of the blood response to the biomaterials. The 

techniques are reviewed in detail in Chapter 3.

1.5 SELECTED BIOMATERIALS

The biomaterials selected in this research programme were used to 

investigate the influence on blood compatibility of polymer modification 

techniques. These techniques covered increasing hydrophilicity, chemical 

modification, the attachment of antithrombotic agents and the preparation of 

biomembrane-mimetic surfaces.

To study the influence of increased hydrophilicity', the biomaterial selected 

was a novel polyurethaneurea hydrogel based on poly(ethylene oxide). An 

advantage of this hydrogel is solubility in common solvents, thereby promoting 

its application as a modification material (Chapter 5).
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Regenerated cellulose was selected as the basis for investigating chemical 

modification and the attachment of antithrombotic agents. The standard 

cellulose membrane Cuprophan was compared with (a) a chemically modified 

cellulose membrane, Hemophan, and (b) Cuprophan on to which the 

anticoagulant heparin was covalently attached (Chapter 6).

Biomembrane-mimetic surfaces were studied by selecting the copolymer, 

poly(2-methacryloyloxyethyl phosphorylcholine (MPC) —co—n-butyl 

methacrylate (BMA) ) (poly(BMA-co-MPC)) and cellulose membrane onto 

which methacryloyloxyethyl phosphorylcholine (MPC) was grafted (Chapter 

7).

1.6 SELECTED PARAMETERS

To monitor the blood response to biomaterials, many parameters have been 

proposed as indicators of blood interactions with biomaterials (Chapter 2). In 

general, the advantages of multiparameter assessment have to be offset against 

the need to acquire proficiency with respect to measurement of any particular 

parameter. In this project, the parameters selected were based on three relevant 

features. These were protein adsorption, complement activation and the contact 

phase activation of blood coagulation.

Protein adsorption plays a key role in the interactions of blood with 

biomaterials (Chapter 2). The adsorption of fibrinogen and albumin was 

selected as the basis of this study (Chapter 4). Both proteins are considered 

important for blood-biomaterial interactions, particularly with respect to platelet 

reactions.

The relationship between biomaterials and complement activation has 

become a subject of great interest. This interest has grown because of the 

following:

1. Clinical data relating to the immune system (Chapter 2)

2. Materials believed to be blood compatible on the basis of 

reactions of platelets and the coagulation system induce 

complement activation (Payne and Horbett 1987)
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3. Complement activation has been shown to be influenced by the 

chemical modification of polymers (Chapter 3)

Complement activation was determined by the measurement of the 

component C3a generation using a radioimmunoassay (Chapter 4).

Contact phase activation caused by blood-biomaterial interactions can be 

considered as the initial step for the intrinsic pathway of coagulation in which 

Hageman factor (FXH) plays a central role (Chapter 2). In this project, contact 

activation was determined by the measurement of FXH-like activity using a 

modified chromogenic substrate assay (Chapter 4).

1.7 TEST PROCEDURE

The protein adsorption studies carried out in this project were regarded as 

an initial stage in the study of the relationship between modification and the 

protein adsorption. Therefore, the decision taken was to perform measurements 

of the adsorption of single proteins, with concentrations of 125I-fibrinogen or 

albumin on biomaterial surfaces determined by 125I-radio-activity. Since a 

range of materials was examined, a test procedure suitable for polymers 

varying in hydrophilicity' was established (Chapter 4).

The blood compatibility assessment was also envisaged as a primary' 

evaluation. Test procedures based on incubation test cells were considered 

appropriate and selected as the basis for optimisation of blood response for a 

given biomaterial area. Since the utilisation of an anticoagulant can alter blood 

response to a biomaterial (Robertson et al 1990), human whole blood 

containing no anticoagulant was used to study blood compatibility in this 

project (Chapter 4).

1.8 THESIS OBJECTIVES

The overall objective was to establish suitable procedures for monitoring 

protein adsorption and the in vitro blood response and to utilize these 

procedures in an investigation of the influence of the following approaches to 

6



modification

1. Preparation of polyurethaneurea hydrogels based on 

poly(ethylene oxide)

2. Chemical modification of cellulose by partial replacement of 

hydroxyl groups with diethylaminoethyl (DEAE) groups

3. Covalent attachment of heparin onto cellulose membrane

4. Biomembrane-mimetic surfaces applied to n-butyl methacrylate 

and cellulose

7



CHAPTER 2

INTERACTIONS OF BLOOD WITH BIOMATERIALS
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2.1 INTRODUCTION

The investigation of blood interactions with biomaterials has a long history 

(Brücke 1857; Lister 1863) and has been promoted by the increasing clinical 

applications of blood-contacting devices (Klinkmann 1989).

The influence of biomaterial surface properties, such as surface charge, 

surface free energy, chemical composition and surface topography, on blood 

constituents is one of the aspects of investigating blood interactions with 

biomaterials. Knowledge obtained from such investigations has been used in 

attempts to correlate blood response with the properties of the biomaterial 

surface (Figure 2.1), which is an useful guide for producing surfaces with 

enhanced blood compatibility (Matsuda 1989; Courtney et al 1993a).

However, the interactions of blood with biomaterials are complex and this 

complexity may be increased in the clinical situation by device components, 

the nature of the application and patient status (Klinkmann et al 1987; 

Courtney et al 1993b). While acknowledging the difficulties, it is believed that 

a better understanding of blood-biomaterial interactions is important and 

necessary for optimum utilisation of existing materials and the development of 

improved blood-contacting materials (Klinkmann 1984; Forbes and Courtney 

1987).

2.2 HAEMOSTASIS AND THROMBOSIS

The consideration of blood-biomaterial interactions can be assisted by first 

examining blood coagulation in relation to haemostasis and thrombosis.

The processes of haemostasis and thrombosis include the complex reactions 

between the endothelium, blood platelets, the coagulation system and the 

fibrinolytic system (Ogston 1983) and can be considered in terms of following 

aspects:

Platelets

Blood coagulation system

Fibrinolytic system

Complement system

8
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2.2.1 Platelets
The action of platelets in the process of haemostasis can be considered in 

terms of platelet adhesion, platelet release and platelet aggregation.

Normally, platelets do not adhere onto the luminal surface of endothelial 

cells but only following vascular injury (Stemerman et al 1971; Mason 1972; 

Mason et al 1976). When platelets come into contact with parts of a damaged 

blood vessel, such as collagen or endothelium, they change from their normal 

disc shape to a more rounded form, extend pseudopods and become adherent. 

The factors important for the adherence of platelets to the site of injury include 

subendothelial collagen, a platelet membrane glycoprotein and plasma von 

Willebrand factor (vWF). Collagen is required to achieve full release and 

aggregation following adhesion (Baumgartner 1977). The glycoprotein of the 

platelet membrane is the specific receptor on platelets for adhesion of platelets 

onto collagen (Nurden and Caen 1976, 1977). The vWF helps to induce 

platelet adhesion after a conformational change by the interactions between 

vWF and subendothelium (Kao et al 1979).

The adhesion of platelets initiates a further sequence of reactions, leading 

to platelet release and aggregation. In the release reaction, the contents of 

platelet granules are released into the circulating blood, including platelet factor 

4, p-thromboglobulin and adenosine diphosphate (ADP), which stimulates new 

platelets to aggregation. Stimulated platelets also produce thromboxane A2 

(TXA2), a very potent aggregating agent. The mechanism of platelet 

aggregation is complex and requires extracellular fibrinogen, calcium (Ca2+) 

and ADP (Bennett and Vilaire 1979; Bennett et al 1981; Marguerie and Plow 

1981).

Platelet adhesion, release and aggregation act to prevent blood loss by 

forming a platelet plug which is initially loose. To stop bleeding, a 

mechanically stable thrombus has to be formed, which requires the 

participation of blood coagulation factors. Interaction between platelets, 

coagulation factors and the vessel wall is illustrated in Figure 2.2. Platelets

9



Table 2.1 Plasma coagulation factors and their synonyms

Factor Synonym

I Fibrinogen

II Prothrombin

m Tissue thromboplastin

IV Calcium ions

V Proaccelerin, labile factor, 
or accelerator globulin

VII Serum prothrombin conversion 
accelerator (SPCA), stable factor, 
or proconvertin

VIII Antihaemophilic factor (AHF), 
antihaemophilic factor A, or 
antihaemophilic globulin (AHG)

IX Christmas factor, plasma 
thromboplastin component(PTC), 
or antihaemophilic factor B

X Stuart factor or Stuart-Prower factor

XI Plasma thromboplastin antecedent(PTA) 
or antihaemophilic factor C

XII Hageman factor or glass factor

XIII Fibrin stabilizing factor (FSF)

3 Platelet phospholipid clotting activity

4 Platelet antiheparin activity

* Modified from Szycher (1983)
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contribute significantly to the reactions of the coagulation factors by the 

provision of membrane phospholipids (platelet factor 3). Additional examples 

of interactions between platelets and coagulation factors include the fact that 

fibrinogen is an essential cofactor for platelet aggregation and platelet 

stimulation can result in a rapid reversible binding of fibrinogen to receptors 

on the platelet surface.

2.2.2 Blood Coagulation System
The processes of blood coagulation involve various proteins known as 

coagulation factors, which are listed in Table 2.1. The reactions of those 

factors are complex and can be summarized in terms of the intrinsic, extrinsic 

and common pathways. The cascade of blood coagulation is shown in Figure 

2.3.

2.2.2.1 Intrinsic Pathway

The intrinsic pathway is so named because the formation of prothrombin 

activation is initiated by the substances contained within the blood itself 

(Tortora and Anagnostakos 1987), which can be described as follows:

The intrinsic pathway is initiated when blood comes into contact with a 

foreign surface, which will cause the activation of factor XU. The activation 

of factor XU in the presence of prekallikrein and high molecular kininogen 

(HMWK) transforms factor XU to the activated form XHa . This 

transformation leads to the conversion of factor XI into its activated form, 

Xia, which in turn activates factor IX. Subsequently, factor X is converted to 

Xa in the presence of a complex consisting of factor IXa, factor VUI, calcium 

ions and platelet factor 3 (PF3). Once factor X is activated, it reacts with 

platelet phospholipids, factor V, and Ca2+ ions to form prothrombin activator. 

This completes the intrinsic pathway.

2.2.2.2 Extrinsic Pathway

The extrinsic pathway is so named because the formation of prothrombin

10
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activator is initiated by substances released by the damaged blood vessels, or 

surrounding tissues, instead of those in blood itself (Tortora and 

Anagnostakos 1987).

The extrinsic pathway is initiated when blood contacts an injured vessel. 

Damaged blood vessels or tissues release a complex of substances called tissue 

thromboplastin. Among the components of tissue thromboplastin are an 

enzyme and membrane phospholipids. Tissue thromboplastin, together with 

coagulation factor VII and Ca2+ ions activate factor X. Once factor X is 

activated, it reacts with the membrane phospholipids, factor V, and Ca2+ ions 

to form prothrombin activator. This completes the extrinsic pathway.

2.2 .23 Common Pathway
In the common pathway, the prothrombin activator, together with Ca2+ ions, 

catalyses the conversion of prothrombin into thrombin. In the next stage, 

thrombin, in the presence of Ca2+ ions, converts soluble fibrinogen to insoluble 

fibrin. Thrombin also activates coagulation factor XUI, which strengthens and 

stabilizes the fibrin clot.

The process of blood coagulation is autocatalytic and thrombin plays a 

central role in a positive feedback manner. Once thrombin is formed, it causes 

platelets to aggregate, resulting in the release of more platelet phosphtipids 

necessary for the coagulation process. Another positive feedback effect of 

thrombin is the acceleration of the formation of prothrombin activator through 

factor V, which in turn accelerates the production of more thrombin.

2.23 Fibrinolysis

The process of fibrinolysis involves dissolution of insoluble fibrin. The key 

reaction of fibrinolysis (Figure 2.4) is the conversion of plasminogen by 

plasminogen activators into the protease plasmin, which acts within the 

thrombus, digesting fibrin to induce thrombus dissolution.

Plasminogen can be activated through two different routes. Firstly, both 

body tissues and blood contain substances that can activate plasminogen to

12
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plasmin. Among these substances are thrombin, activated factor XII, lysosomal 

enzymes from damaged tissues, and substances from the endothelial lining of 

blood vessels. In another route, foreign proteins, e.g. urokinase and 

streptokinase, which have the ability to activate plasminogen, are added.

2.2.4 Complement System
The human complement system comprises nine major plasma proteins, 

numbered Cl to C9. The activation of complement involves a series of 

enzymatic reactions in a cascading manner, similar to the coagulation system. 

Complement activation may occur via two pathways, the classical and the 

alternative pathways, shown in Figure 2.5. In both pathways, the component 

C3 is pivotal.

2.2.4.1 Classical Pathway
The main proteins involved in the classical pathway are Cl, C2 and C4. 

The activation of the classical pathway is initiated by antigen-antibody 

complexes, including IgG and IgM, which provide a binding site for 

component Cl, a macromolecular complex of the three proteins Clq, Clr and 

Cis. Activated component Cis cleaves C4 to C4a, C4b and C2 to C2a, C2b. 

C4b and C2a subsequently form the C3 convertase. This C3 convertase 

changes the specificity of the C3 cleaving enzymes into C5 convertases, 

resulting in the cleavage of C5, and the generation of C5a and C5b. 

Subsequently, C5b interacts with C6, C7, C8 and C9 to form either C5b-9 

complex or with protein S to form an inactive circulating SC5b-9 complex 

(Bhakdi and Tranum 1983).

2.2.4.2 Alternative Pathway

The activation of the alternative pathway is initiated by polysaccharides, 

immune complexes of IgA and IgD, as well as endotoxins. In this route, the 

main components are C3, factor B, factor D and properdin. The process of 

activation is initiated by the binding of few C3b molecules, which are derived 
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from the low grade cleavage of C3 that continuously occurs in normal plasma 

(Haeffner-Cavaillon et al 1988). Onto surface-bound C3b, factor B binds to 

form a C3bB complex. The cleavage of B within the C3bB complex by factor 

D results in the formation of C3 convertase, C3bBb. This complex cleaves 

additional C3 molecules into C3a and C3b, followed by the binding of more 

C3b molecules and the formation of new convertase complexes on the surface. 

This convertase triggers the activation of the terminal complement complex 

C5b-9 in the same manner, as described in section 2.2.4.1.

The function of the alternative pathway C3 convertase is regulated by 

properdin, factor I and factor H. The C3 convertase, C3bBb, is unstable and 

spontaneously dissociates. Properdin has the effect of stabilizing the 

dissociation, while factor H activates the dissociation of the C3bBb complex. 

In addition, factor H is the cofactor for irreversible inactivation of C3b into 

C3bi by factor I (Kazatchkine and Carreno 1987; Haeffner-Cavaillon et al 

1988).

2.3 BLOOD RESPONSE TO BIOMATERIALS

Consideration of the blood response to biomaterials can be assisted by 

adopting a similar approach to that used for examining blood coagulation in 

relation to haemostasis and thrombosis (Mustard and Packham 1977; Courtney 

et al 1992). As described in section 2.2, the processes of haemostasis and 

thrombosis are complicated but can be examined in terms of particular aspects 

such as platelet activation, intrinsic and extrinsic coagulation, fibrinolysis and 

complement activation. The events following the contact of blood with the 

biomaterial can be considered in a similar manner (Forbes and Countney 1987). 

However, distinctions in behaviour towards blood between natural endothelium 

and artificial surfaces must be accepted.

2.3.1 Natural Endothelium and Artificial Surfaces

The vascular endothelium is nature’s blood-compatible container (Tortora 

and Anagnostakos 1987). The blood compatible properties of endothelium are
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based on a so-called "natural anticoagulant mechanism" (Rosenberg and 

Rosenberg 1984). First of all, endothelium can synthesis prostacyclin, which 

is an inhibitor of platelet aggregation (Moncada et al 1977). It has been shown 

that endothelium contains heparin-like proteoglycans, which can take up 

thrombin to accelerate antithrombin-mediated inhibition of the enzyme (Busch 

and Owen 1982; Dryjski et al 1983). Also, endothelium contains 

thrombomodulin, which can activate protein C to mediate the inhibition of 

coagulation factor V and V]U (Owen and Esmon 1981). Furthermore, it has 

been reported that endothelium contains a plasminogen activator, which can 

result in the dissolution of the precipitated fibrin (Todd 1964).

In comparison with natural endothelium, artificial surfaces cannot perform 

the active role achieved by the endothelium. In addition, the endothelium does 

not appear to adsorb protein under physiological conditions (Bruck 1980), 

while protein adsorption is a very important feature of the interaction of blood 

with artificial surfaces (Szycher 1983).

Figure 2.6 shows a sequence of events during blood-biomaterial interactions. 

Thrombus formation as a result of blood-biomaterial interactions is generally 

inevitable, and the clinical use of artificial surfaces requires the utilization of 

anticoagulants, platelet aggregation inhibitors or plasminogen activators.

2.3.2 Protein Adsorption

Plasma protein adsorption is generally regarded as the first event to occur 

following the contact of blood with artificial surfaces and the composition of 

the adsorbed protein layer strongly influences subsequent interactions (Brash 

1991). The adsorbed protein has been termed a "conditioning layer". 

However, this adsorbed protein layer should not consider as "passive" (Bruck 

1980), since possibilities exist for transient adsorption, denaturation or changes 

in conformation (Lee and Hairston 1971; Brash 1983; KHnkmann 1984).

The rapid adsorption of protein onto the biomaterial surface is promoted by 

the characteristics of proteins, which are the limited solubility of proteins in 

plasma due to the large molecular weight and chemical heterogeneity 
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(polar/nonpolar and negative/positive). Since the surfaces of the biomaterial 

are also heterogeneous, binding of proteins onto surfaces is possible (Brash et 

al 1983, 1991).

The manner and extent of protein adsorption are influenced by the surface 

properties. It is generally concluded that hydrophobic surfaces induce greater 

protein adsorption than hydrophilic surfaces, e.g. a hydrogel has minimal 

protein interaction (Gregonis et al 1984; Ramer and Horbett 1984) and this has 

been utilised to enhance blood compatibility by increasing the hydrophilicity 

of biomaterial surfaces (Chapter 3).

Many different plasma proteins have been found to be adsorbed onto 

artificial surfaces, with albumin, gamma globulin and fibrinogen the most 

widely studied. The general conclusion is that fibrinogen is more surface 

active than albumin and gamma globulin and can be considered as a major 

component of the adsorbed protein layer (Lee et al 1974; Horbett 1981; Uniyal 

and Brash 1982).

The investigation of protein adsorption has focused on the relationship with 

platelet reactivity. It can be summarized in that platelet adhesion onto a 

biomaterial surface is promoted by the prior adsorption of fibrinogen or gamma 

globulin and inhibited by the prior adsorption of albumin (Evans and Mustard 

1968; Packham et al 1969; Whicher and Brash 1978; Young et al 1983). The 

ability of albumin to inhibit platelet adhesion has been utilized in the 

preparation of artificial surfaces with improved blood compatibility (Chapter 

3).

A close relationship between fibrinogen and platelets has been reported in 

that the deposition of fibrinogen on artificial surfaces is associated with platelet 

receptors on adherent platelets and may not be independent of platelet 

deposition (Young et al 1983).

A further important aspect of fibrinogen adsorption is the replacement of 

adsorbed fibrinogen by other proteins, notably high molecular weight kininogen 

(HMWK) (Vroman et al 1980), a protein involved in the contact phase of 

blood coagulation. This phenomenon of transient fibrinogen adsorption has
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been named "Vroman Effect" (Brash et al 1984; Horbett 1984). The 

significance of the Vroman Effect in relation to surface thrombogenesis is not 

clear. A high Vroman Effect with fibrinogen displacement by HMWK might 

induce less platelet reactivity and more activation of the intrinsic coagulation, 

while a low Vroman Effect with fibrinogen retention might induce less 

activation of the intrinsic coagulation and more platelet reactivity (Brash 1991).

Protein adsorption is also relevant to the contact phase activation of the 

intrinsic coagulation pathway. The contact phase activation, which is shown 

in Figure 2.7, involves the interaction of contact proteins factor XU, HMWK 

and prekallikrein (PKK). A sequence of enzymatic reactions is initiated by the 

adsorption of factor XU and HMWK. Surface-bound HMWK forms a complex 

with prekallikrein. This complex activates FXH to form FXUa, which is the 

activator of conversion of prekallikrein into kallikrein. Since kallikrein 

activates factor XU, an autoactivation process leads to the rapid production of 

factor XU on or near the artificial surface. Surface-bound HMWK also forms 

a complex with factor XI, making factor XI available to FXIIa and ensuring 

the progression of the coagulation cascade.

It is generally believed that contact phase activation is increased by 

negatively charged surfaces. However, some negatively charged surfaces have 

been reported to have good blood compatibility (Fougnot et al 1979a, 1979b; 

Boffa et al 1984). Therefore, it has been suggested that even if the contact 

phase is strongly activated, the later phases of coagulation can be inhibited to 

give an overall anticoagulant effect (Brash 1991). However, it should not be 

assured that contact phase activation by negatively charged surface is 

unimportant.

In summary, the adsorption of protein plays a key role in the interactions 

of blood with foreign surfaces. In order to obtain improved information on the 

composition of the adsorbed protein layer, studies on protein adsorption require 

to extend beyond albumin, fibrinogen and gamma globulin (Brash et al 1986) 

and consideration of the possible influence of trace proteins (Brash et al 1983). 

It is believed that better understanding of protein adsorption is important for 
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guiding the development of blood-compatible materials.

2.3.3 Platelet Reactions

Platelet adhesion and aggregation are inevitable consequences of blood 

interactions with an artificial surface (Forbes and Courtney 1987). As observed 

in section 2.3.2, the adhesion of platelets to artificial surfaces is influenced by 

protein adsorption, in that platelet adhesion is promoted by prior adsorption of 

fibrinogen or gamma globin and decreased by prior adsorption of albumin.

The adhesion of platelets onto an artificial surface changes its shape from 

discoid to spiny spheres. These coalesce to form an irregular monolayer and, 

as more platelets adhere, they form mounds with erythrocytes and leucocytes 

trapped in fibrin (Salzman et al 1977).

Following platelet adhesion onto an artificial surface, platelets undergo a 

release reaction. These released substances relevant to blood-biomaterial 

interactions include ADP, serotonin (Brash and Whicher 1977), platelet factor 

4 (Dudczak et al 1979), B-thromboglobulin (BTG) (Adler and Berlyne 1981; 

Needleman and Hook 1982; Bowry et al 1984) and thromboxane (Davies et al 

1979; 1980).

Considering the relationship between platelets and intrinsic pathway, an 

interaction exists (Feijen 1977). Initiation of the intrinsic pathway can be 

resulted from the activation of factor XII due to platelets stimulated by released 

ADP. Platelets have receptors for FXI and FXIa (Lipscomb and Walsh 1979). 

Also, platelet membranes present a surface for FXH activation in the presence 

of PKK and HMWK (Walsh and Griffin 1981). The formation of thrombin 

during intrinsic pathway enhances platelet adhesion, aggregation and the 

platelet release reaction (Shuman and Levine 1980; Patrono et al 1980; Phillips 

et al 1980).

Platelet activation is also produced by turbulence of the blood flow and is 

a function of the flow rate (Forbes and Countney 1987).
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2.3.4 Erythrocytes

The interactions of blood with artificial surfaces can result in erythrocyte 

adhesion onto the adsorbed protein layer (Feijen 1977) and under certain 

conditions, haemolysis occurs, with the platelet release reaction induced by 

liberated ADP and erythrocyte ghosts (Stormorken 1971). The nature of the 

adsorbed protein layer and erythrocytes may influence each other due to the 

erythrocyte adhesion or the competitive adsorption of released haemoglobin 

with plasma proteins (Uniyal et al 1982). The addition of erythrocytes to 

protein solutions leads to a reduction in the amount of protein adsorbed (Brash 

and Uniyal 1979). The adsorption of haemoglobin on biomaterial surfaces has 

been detected (Owen et al 1985; Coleman et al 1986).

Blood-surface contact leads to significant changes in the metabolism of 

erythrocyte membranes. There is a possibility of shear-induced haemolysis and 

in coagulation under low shear forces, entrapped erythrocytes and fibrin form 

the red thrombus (Bruck 1980).

2.3.5 Leucocytes

Human leucocytes can be grouped into two types: granular leucocytes and 

agranular leucocytes. Granular leucocytes include neutrophils or polymorphs, 

eosinophilis and basophils. Agranular leucocytes include lymphocytes and 

monocytes (Tortora and Anagnostakos 1987).

The interaction of leucocytes with artificial surfaces has been long 

recognised (Kaplow and Goffmet 1968). Investigation has shown that 

leucocytes adhere onto biomaterial surfaces, with preferential adsorption of 

granulocytes in comparison to lymphocytes (Wright et al 1978; Lederman et 

al 1978; Absolom et al 1979). Leucocyte adhesion is influenced by the 

adsorbed protein layer, with enhanced adhesion reported for surfaces coated 

with IgG, thrombin and prothrombin (Altieri and Edgington 1989). The 

possession of endogenous procoagulant activity and proaggregatory activity by 

granulocytes (Harrison et al 1966; Niemetz 1972; Saba et al 1973) can promote 

thrombus formation on artificial surfaces by granulocyte adhesion and by its 
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effect on platelet aggregation (Cumming 1980).

The contact of blood with an artificial surface can change the function of 

leucocytes. It has been reported that leucocyte damage caused by blood­

biomaterial contact (Kusserow et al 1971) produces an impairment in 

phagocytic activity and a reduced ability to combat infection (Bruck 1980). 

Furthermore, the activation of leucocytes results in monocytes producing 

interleukin 1 (Betz et al 1988; Shaldon et al 1985; Lonnemann et al 1988), 

neutrophils changing in their oxidative metabolism (Lewis and Van Epps 1987) 

and phagocytes not only decreasing in numbers, but also increasing in 

metabolic activity (Nguyen et al 1985; Vanholder et al 1989).

Recently, the investigation of the response of leucocytes to artificial 

surfaces has been linked with the activation of complement system. It is 

believed that complement activation mediates leucocytes adhesion to artificial 

surfaces (Herzlinger and Cumming 1980).

With respect to sensitivity to mechanical trauma, similar to platelets, 

leucocyte damage and aggregation are influenced by shear stress (Dewitz et al 

1977).

2.3.6 Complement Activation

Complement activation induced by blood contact with artificial surface was 

reported by Craddock et al (1977a), who demonstrated that complement 

activation can be detected during haemodialysis performed with cellulosic 

membranes. This initial observation has encouraged the study of complement 

activation induced by different types of biomaterials. It is generally accepted 

that complement activation initiated by biomaterials occurs via the alternative 

pathway mechanism and depends highly on the chemical composition of 

artificial surfaces. Recently, it has been reported that some biomaterials can 

activate complement system via the classical pathway mechanism (Matsuda 

1989).

Clinical investigation has demonstrated that cellulose membranes 

significantly activate the complement system in comparison with synthetic 
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biomaterials, since complement activation is reduced when cellulose 

membranes are replaced by the membranes derived from synthetic biomaterials 

(Ivanovich et al 1983; Hakim et al 1984; Wegmuller et al 1986; Amoto et al 

1988; Moll et al 1990). Complement activation by cellulose membranes has 

been attributed to the presence of hydroxyl groups, which can activate 

complement system through a transesterification mechanism (Kazatchkine and 

Carreno 1987). Investigations have demonstrated that modification of cellulose 

by the partial substitution of hydroxyl groups reduces complement activation 

(Akizawa et al 1986; Bosch et al 1987; Lucchi et al 1989).

Interest in investigating complement activation has focused on the 

relationship between complement activation and the leucopenia occurring in 

haemodialysis. It is believed leucopenia occurring in haemodialysis with 

cellulose membranes relates to complement activation (Chenoweth 1984).

The processes of complement activation generate the anaphylatoxins C3a 

and C5a, which lead to granulocyte alteration in chemotaxis, adherence, 

aggregation, degranulation and production of toxic radical oxygen (Chenoweth 

1986). In addition, anaphylatoxins C3a and C5a stimulate the histamine 

release from mast cells, induce smooth muscle contraction and increase 

vascular permeability (Haeffner-Cavaillon et al 1988). In plasma, C3a and C5a 

are rapidly transformed to stable desArg derivatives by removing the carboxyl- 

terminal arginine. All of them can induce interleukin 1 release from 

monocytes (Craddock et al 1977b; Haeffner-Cavaillon et al 1987, 1988). 

Therefore, the activation of the complement system plays an important role in 

the blood response.

Considering the relationship between complement activation and blood 

coagulation, it has been reported that complement mediates the activation of 

blood platelets, since decomplemented blood significantly reduced platelet 

aggregation on nylon surfaces (Herzlinger and Cumming 1980) and also greatly 

reduces thromboxane generation and platelet loss during extracorporeal 

membrane oxygenation (Wonders et al 1983).
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Table 2.2 Parameters used to monitor the blood responses

—
Parameter Example

Protein adsorption Albumin, fibrinogen

j Platelet response Adhesion, aggregation, 
release, morphology

Intrinsic coagulation FXH activation

Fibrinolysis Fibrinogen degradation 
products (FDP)

Complement activation C3a, C5a

Leucocytes Leucocyte count

Modified from Irvine (1989)
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2.4 BLOOD COMPATIBILITY ASSESSMENT
Blood compatibility assessment is the investigation of the interactions of 

blood with biomaterials, the features of which include:

Selection of the parameters to be studied

Method for achieving blood - material contact

Nature of the blood used

2.4.1 Selection of Parameters

Parameters used to monitor the blood response are based on relevant 

features, such as protein adsorption, platelet reactions, intrinsic coagulation, 

fibrinolysis, complement activation and leucocyte alterations. Table 2.2 lists 

typical parameters that have been used.

Multiparameter assessment facilitates the achievement of a broad 

perspective and reduces potential errors in biomaterial development, e.g. 

detection of materials exerting little influence on platelets but inducing 

complement activation (Payne and Horbett 1987). However, the benefits of 

multiparameter assessment have to be offset by practical difficulties.

It is generally considered that plasma protein adsorption is the first event 

to occur following blood-surface contact and that the subsequent phenomena 

are to a large extent determined by interactions of blood with the adsorbed 

protein layer. Therefore, as a first stage in vitro, a protein adsorption test is 

important and useful. It is believed that the investigation of protein adsorption 

is fundamental to an improved understanding the blood-biomaterials interaction 

(Brash 1991).

The first parameter selected in this project was protein adsorption, as 

represented by fibrinogen and albumin single protein adsorption determined by 

the measurement of radioactivity of radio-labelled protein. The method is 

presented in Chapter 4.

Following the initial protein deposition, events occurring include platelet 

adhesion and activation, coagulation and complement system activation. To 

study complement system activation, the well established parameter C3a 

generation was selected and determined using a radioimmunoassay (Chapter 4).
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To investigate contact phase activation, a novel parameter FXH-like activity 

was selected. FXII-like activity was determined using a modified chromogenic 

substrate assay (Chapter 4).

The parameters chosen for this study provide information on a range of 

considerable importance in the blood response to a biomaterial.

2.4.2 Achievement of Blood-Material Contact

The options of blood-biomaterial contact can be classified as in vitro, ex 

vivo, in vivo (Courtney et al 1993b).

In vitro evaluation generally involves the donation of blood from healthy 

individuals with blood-material contact made separate from the donor. The 

advantages of in vitro test procedures are that they are versatile, rapid and 

relatively low in cost. Normally, in vitro tests are the first stage in the 

monitoring of the blood response to a biomaterial. However, in vitro test 

procedures cannot take into account the interrelationships between the patient 

and the clinical use of the material (Lindsay et al 1980; Klinkmann et al 1987; 

Courtney et al 1993b) and do not normally consider the influence of the 

disease state (Andrade et al 1981).

In ex vivo evaluation, blood (human or animal) passes to the test material 

extracorporeally and may or may not be returned. If these tests are carried out 

in animals, the differences in blood components between human and animal 

need to be taken into account (Grabowski et al 1977).

In vivo evaluation involves implantation of the test material or the 

evaluation during clinical procedures. Such evaluation approximates more 

closely to the clinical situation but can be expensive.

Although the final evaluation of artificial surface compatibility with blood 

has to be performed in vivo, a rapid selection of potentially suitable materials 

with the aid of a less expensive, simpler and faster combination of in vitro tests 

still remains necessary.

In this study, the evaluation of blood compatibility was carried out in vitro 

using an improved incubation test cell. The methodology is detailed in
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chapter 4.

2.4.3 Nature of Blood Used

The nature of blood used for the compatibility study has an effect on the 

results. Generally, the blood used for the compatibility assessment can be 

characterised by three features:

Human or animal blood

‘Normal’ blood or ‘disease state’ blood

Absence or presence of antithrombotic agents

It has been shown that the presence of antithrombotic agents can alter the 

behaviour of blood-biomaterial interactions (Robertson et al 1990). In order 

to avoid the impact of the coagulation process by the utilisation of 

antithrombotic agents, whole fresh healthy human blood was used in this study.
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CHAPTER 3

POLYMER MODIFICATION TO IMPROVE BLOOD

COMPATIBILITY



3.1 INTRODUCTION

As indicated in Chapter 1, the principal advantage of polymer surface 

modification is the ability to improve blood compatibility with minimal 

alteration to the other fundamental properties of a polymeric biomaterial. 

Approaches to polymer modification (Gilchrist and Courtney 1980; Fougnot et 

al 1984; Forbes and Courtney 1987) can be divided into the following 

categories:

1. Alteration to surface physical properties

2. Treatment of surfaces with protein

3. Increase of surface hydrophilicity

4. Surface chemical modification

5. Attachment of antithrombotic agents onto surfaces

6. Preparation of biomembrane-mimetic surfaces

It should be noted that the properties of a biomaterial surface are not 

independent. An approach altering one surface property can also change other 

properties at same time.

The physical nature of a surface may strongly influence on blood 

compatibility. An adverse blood response can result from excessive surface 

roughness which causes mechanical damages, or produces deleterious effects 

on blood flow due to material shape and presentation. Therefore, an initial 

simple step in enhancing blood compatibility may be to ensure a smooth 

surface. However, blood compatibility may be improved by the formation of 

a neo intima induced by a porous surface (Szycher et al 1980; Snyder and 

Botzko 1982; Hood et al 1984).

Treating polymer surfaces with protein to improve blood compatibility has 

been achieved by utilising the fact that the adsorption of albumin leads to 

reduce platelet adhesion. It has been reported that precoating albumin onto 

polymer surfaces leads to substantial reduction of platelet deposition (Packham 

et al 1969; Andrade and Hlady 1986). The ability of some polymers to adsorb 

albumin (Lyman et al 1975) has been enhanced by the preparation of alkyl 

derivatised polyurethane (Munro et al 1981; 1983) and cellulose acetate 

25



(Frautschi et al 1983). In the processes of treating polymer surfaces with 

protein, the term biolisation" has been introduced (Nose et al 1971), which 

applies to the chemical and thermal treatment of tissue components, such as 

proteins, either coated onto a polymer or blend with a polymer (Kambic et al 

1983). Therefore, biolised materials include polymers coated with protein, 

polymers blended with protein, and polymer-protein blends laminated to a base 

polymer (Courtney et al 1993a).

The approaches of increasing in the hydrophilicity of polymer surfaces to 

enhance blood compatibility are based on the fact of that protein adsorption 

and cellular adhesion decreases with increasing hydrophilicity of surfaces.

Surface chemical modification involves the substitution or replacement of 

one type of functional group by another. The influence on the blood response 

of the modified surface can be expected to be determined by the nature of the 

substitution group and the degree of substitution.

Polymeric biomaterials can be modified by the attachment of anticoagulants, 

such as heparin, platelet aggregation inhibitors, such as dipyridamole (Marconi 

et al 1979) and prostaglandin (Grode et al 1974; Ebert et al 1982), or 

plasminogen activators, such as urokinase (Kusserow et al 1973, Sugitachi et 

al 1980; Ohshiro and Kosaki 1980; Ohshiro 1983).

The concept of biomembrane-mimetic polymers is the preparation of a 

polymer surface designed to mimic biologically inert interfaces of blood cells 

and thereby avoid the recognition by the blood as "foreign".

In this thesis, four approaches to polymer modification were studied. These 

approaches were:

Increase of surface hydrophilicity

Surface chemical modification

Attachment of heparin

Preparation of biomembrane-mimetic surface

The background to each of these approaches is now considered in more 

detail.
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3.2 INCREASE OF SURFACE HYDROPHILICITY
Increasing the hydrophilicity of polymer surfaces is generally achieved by 

coating with hydrophilic polymers, such as hydrogels which have low 

interfacial tension in biological environments, onto the substrate biomaterials. 

Various hydrogels have been investigated and shown to diminish the amount 

of blood cell adhesion (Ratner et al 1975a, 1975b; Donetsk! et al 1975; Jansen 

and Ellighorst 1979; Jansen et al 1985). In this respect, the coating of 

poly(ethylene oxide) (PEO) on a biomaterial surface is a widely used method 

(Whicher and Brash 1978; Brash and Uniyal 1979; Golander and Kiss 1988; 

Lee et al 1989; Desai and Hubbell 1990, 1991; Sa da Costa et al 1980, 1981; 

Nagaoka 1984; Brinkman et al 1989, 1990) and will be reviewed in this thesis.

Investigation has demonstrated that the application of PEO significantly 

reduces protein adsorption and platelet adhesion. The achievement of 

improved blood compatibility with PEO has been explained by its special 

properties (Nagaoka et al 1984; Lee et al 1989). Firstly, PEO has very low 

interfacial free energy with water. Therefore, PEO has low driving forces for 

the deposition of blood components. Also, PEO has unique solution properties 

(Bailey and Koleske 1976; Merrill and Salzman 1983) and hydrophilicity, 

which combined with the polymer chain exhibiting considerable flexibility, are 

believed to prevent protein adsorption or cell adhesion (Nagaoka et al 1984). 

Additionally, PEO’s passivity can be explained by the steric stabilization effect 

(Lee et al 1989), which includes volume restriction and osmotic repulsion 

effects. The volume restriction effect is based on the repulsive force resulting 

from a loss in configurational entropy of long chain PEO when blood elements 

approach the surface. The osmotic repulsion effect is based on the repulsive 

force resulting from the rise in the local osmotic pressure occurring when PEO 

chains interpenetrate each other when blood elements approach the surface.

The techniques utilising PEO generally can be divided as follows:

(a) Direct adsorption of PEO-containing surfactants

(b) Covalent grafting of PEO onto the substrate polymer

(c) Copolymerization of PEO
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3.2.1 Direct Adsorption of PEO-containing Surfactants
'V H

The technique of direct adsorption of PEO-containing surfactants involves 

the immersion of hydrophobic polymer in the PEO-containing surfactant 

solution (Lee et al 1989, 1990). The achievement of a hydrophilic surface is 

via hydrophobic interactions between the polymer surface and the hydrophobic 

segments of surfactants. It is reported that protein adsorption is significantly 

decreased on the surfactant-treated surface, as compared with the untreated 

surface.

3.2.2 Covalent Grafting of PEO

Techniques of covalent grafting of PEO onto a substrate polymer cover 

different approaches, which include photo-induced grafting procedures (Mori 

et al 1982; Nagaoka et al 1984), crosslinking agent-induced grafting procedures 

(Brinkman et al 1989, 1990) and grafting procedures induced by direct reaction 

between PEO and the substrate polymer after pretreatment (Golander and Kiss 

1988; Nojiri 1990; Desai and Hubbell 1991).

In the photo-induced grafting procedure, PEO has been coated onto a 

poly(vinyl chloride) (PVC) surface (Mori et al 1982). The procedure involves 

the introduction of photo active dithiocarbamate groups on the PVC surface, 

then photo-reaction with monomer containing PEO. Investigation of blood 

compatibility in vitro, in vivo and ex vivo demonstrates that a PEO-treated 

PVC surface can reduce both platelet adhesion and protein adsorption (Nagaoka 

et al 1984).

In crosslinking agent-induced grafting procedures, PEO has been coated 

onto a polyurethane (PU) surface using dicumyl peroxide crosslinking agent 

(Brinkman et al 1989, 1990). The increased hydrophilicity of the modified 

surface has been demonstrated by contact angle measurements. Recalcification 

times of plasma incubated in PEO-treated PU-coated glass tubes are longer 

than those obtained with untreated PU-coated tubes. Also, platelet adhesion 

onto the modified surfaces is lower than onto the unmodified PU surfaces.

A PVC surface has been modified by grafting PEO after pretreatment 
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(Golander and Kiss 1988). During the pretreatment, PVC is carboxylated and 

exposed to an aqueous solution of poly(ethylene imine) (PEI). In the presence 

of a reducing agent, PEO-derivative with one terminal aldehyde group is 

covalently coupled to the amine groups of PEI-pretreated PVC surface. ESC A 

demonstrated that the treated surface is completely covered with PEO. All 

protein adsorption tests have shown exceptionally low results.

With a similar procedure, PEO has been grafted onto poly(ethylene 

terephthlate) (PET) (Desai and Hubbell 1990, 1991; Gombotz et al 1989) and 

Biomer (Nojiri 1990) surfaces. As an example of PET surface modification, 

PEO-modified PET surface is achieved by the reaction between PEO activated 

with cyanuric chloride and the amine group on PET film after pretreatment 

with ethylene diamine. The investigation shows that the improvement of blood 

compatibility using PEO depends on the molecular weight of PEO. The PEO 

of molecular weight about 18,500 and higher is reported more effective in 

reducing protein adsorption, attachment and growth of fibroblasts (Desai and 

Hubbell 1991).

3.2.3 Copolymerization of PEO
Diisocyanate, methylmethacrylate (MMA) (Nagaoka 1984), polyethylene 

terephthalate (PET) (Lyman 1964), and polystyrene (Furasawa et al 1977; 

Grainger et al 1989) have been utilised to copolymerize with PEO. It has been 

shown that copolymers achieve improved blood compatibility with increasing 

PEO content. Among these copolymers, segmented polyurethane (SPU) and 

polyurethane urea (SPUU) have attracted the most attention of the numerous 

approaches based on copolymerization between diisocyanate and PEO with diol 

or diamine as a chain extender (Lyman and Loo 1967; Whicher and Brash 

1978; Brash and Uniyal 1979; Sa da Costa et al 1980, 1981; Merrill et al 1982; 

Takahara et al 1985, 1991; Goodman et al 1989; Yu et al 1991). Protein 

adsorption studies demonstrate that SPU based on PEO is significantly less 

adsorptive (Whicher and Brash 1978; Brash and Uniyal 1979). The 

investigation of platelet retention has been correlated with the surface
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Tabie 3.1 Approaches of chemical modification cellulose membrane

Approach Reference

Cellulose acetate Ivanovich et al 1983; Chenoweth 1984;
Lucchi et al 1989; Johnson 1989; Moll et al 
1990

Hemophan Cheung et al 1986; Falkenhagen et al 1987;
Lucchi et al 1989

Cellulose anhydride Johnson 1989; Johnson et al 1990

Cellulose PEO Akizawa et al 1989; Kishida et al 1992

Cellulose sulphate Brown 1990
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composition of SPU, which are determined by x-ray photoelectron spectroscopy 

(Sa da Costa et al 1980, 1981). It is found that SPU containing the highest 

fraction of ethereal carbon in the surface has the lowest platelet retention.

All previous investigations have shown that PEO has little reaction with 

biological macromolecules and cells, especially with blood proteins and 

platelet. Therefore, it is believed that the application of PEO will remain 

significantly interesting to the biomaterial scientists.

In this project, a novel polyurethaneurea hydrogel based on PEO was 

selected to study the influence on protein adsorption and blood response by 

hydrophilic polymers.

3.3 SURFACE CHEMICAL MODIFICATION
The possibility of altering the blood response to a polymeric biomaterial by 

chemical modification has been well established (Courtney et al 1976). The 

recent emphasis in biomaterials research has been on the chemical modification 

of regenerated cellulose membranes.

Regenerated cellulose membranes, such as Cuprophan, are the most widely 

used in haemodialysis for treating renal failure patients. The preparation of 

these membranes involves the dissolution of purified cellulose (cotton fibres) 

in an ammonia solution of cupric oxide and regeneration with an alkaline 

solution (Hakim et al 1984; Courtney et al 1984).

In clinical application, it is found that dialyzers containing Cuprophan 

induce complement activation in a greater degree than these with other 

membranes (Hakim et al 1984; Chenoweth 1986) and this has become a central 

event in dialyser-related blood incompatibility. It is generally considered that 

the presence of hydroxyl groups on cellulose membranes initiates complement 

activation (Chenoweth 1984, 1986). To achieve better blood compatibility, 

chemical modification of cellulose membrane by substitution of hydroxyl 

groups with other chemical groups has been investigated. Approaches to 

chemical modification of cellulose membranes are listed in Table 3.1.

In cellulose acetate membranes, hydroxyl groups are partially replaced by
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Figure 3.1 Cellulose anhydride modification
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acetate groups. Clinical investigation has indicated that cellulose acetate 

hollow fibre dialyzers possess only about half the complement activating 

potential of Cuprophan dialyzers (Chenoweth 1984). This observation was 

interpreted by the fact that cellulose acetate surfaces present fewer sites for 

attachment of C3b than Cuprophan. Since complement activation is initiated 

by the covalent attachment of C3b to the surface containing hydroxyl groups, 

reduced production of C3a and C5a should be achieved by cellulose acetate 

dialyzers.

Hemophan membranes are cellulose membranes with 5-10% of hydroxyl 

groups substituted by diethylaminoethyl groups. Investigation of complement 

activation induced by Hemophan has been compared with Cuprophan and 

cellulose acetate (Cheung et al 1986; Falkenhagen et al 1987; Lucchi et al 

1989). It was found that both Hemophan and cellulose acetate reduced 

complement activation, with a much greater reduction achieved by Hemophan. 

These observations suggest that the effectiveness of chemical modification of 

cellulose membranes depends on both the degree of substitution and the nature 

of the modifying group. Further investigation of the mechanism of 

complement activation induced by Hemophan indicated that Hemophan bound 

both factor B and factor H to a greater degree than Cuprophan, with bound 

factor H to significantly greater extent than factor B, Since factor B activates 

the generation of C3a and factor H inhibit this generation, as indicated in 

Chapter 2, it is suggested that Hemophan displays improved biocompatibility 

by augmenting factor H mediated inhibition of C3 convertase activity (Johnson 

1989).

The principal route of cellulose anhydride modification is shown in Figure 

3.1. Investigation has demonstrated that cellulose anhydride significantly 

reduced complement activation (Johnson 1989; Johnson et al 1990) and platelet 

activation (lower levels of thromboxane A2). The ability of diminishing the 

complement-activating potential by cellulose anhydride was explained as 

follows: Firstly, the modification limits the binding sites of C3b, thereby 

reducing C3 and C5 convertase activity. Secondly, the modified surface
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Figure 3.2 Structure of Heparin



facilitates factor H control of C3 and C5 convertase activity. Finally, since the 

modification results in a negatively charged surface, the modified surface could 

adsorb the cationic C5a molecule to inhibit its interaction with the cellular 

elements of the blood.

Cellulose PEO denotes the cellulose membranes coated with poly(ethylene 

oxide). Cellulose sulphate denotes cellulose membranes with hydroxyl groups 

replaced by sulphate groups. All these approaches demonstrated that modified 

cellulose membranes can achieve lower complement activation than Cuprophan.

In summary, it has been demonstrated that chemical modification of 

cellulose membranes by displacing hydroxyl groups by other chemical groups 

can reduce complement activation. However, since the complement system 

reaction is only one aspect of blood-biomaterial interactions, to make modified 

cellulose membranes clinically applicable, further investigations covering blood 

coagulation pathway, blood cell activation and permeability are required.

In this project, Hemophan was selected to study the chemical modification 

of cellulose membrane. The influence on protein adsorption, contact phase 

activation and complement activation was investigated (chapter 6).

3.4 ATTACHMENT OF HEPARIN

Heparin (Figure 3.2) is a negatively charged polysaccharide, mainly 

composed of alternating residues of sulphated glucoronic, iduronic acid and 

glucosamine derivatives linked in the 1-4 position.

Heparin is an anticoagulant widely used in clinical practice. The main 

anticoagulant effect of heparin is that of acting as a catalyst of the inactivation 

of thrombin, or some other coagulation proteases, by the major inhibitor 

antithrombin IH (AT-EH), which can bind onto the specific sites on the 

pentasaccharide sequence of heparin (Lindahl et al 1979; Thunberg et al 1982; 

van Boeckel et al 1985). In the case of thrombin inhibition, thrombin also 

binds onto heparin, reacts with the bound AT-IH, and the inactive complex is 

then released (Migonney et al 1988). The biological activity of heparin 

depends on the binding of both thrombin and AT-IH and the dominant role of
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Figure 3.3 Methods of Attachment Heparin
(a) heparin bound ionically on positively charged surface
(b) heparin cross-linked surface
(c) heparin-attached surface
(d) heparin attachment via pspacer arms
(e) heparin-albumin conjugate-coated surface

(modified from Hoffman 1987)
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AT-IH-binding sites on heparin (Larm et al 1986).

To improve the blood compatibility of biomaterials, different methods for 

the attachment of heparin onto a biomaterial surface have been developed. 

These methods for heparinization of sufaces are illustrated in Figure 3.3. 

Generally, the approaches for heparinization of a biomaterial surface can be 

divided into ionic and covalent binding (Gilchrist and Courtney 1980; Kim et 

al 1983; Fougnot et al 1984; Larm et al 1989; Engbers and Feijen 1991).

3.4.1 Ionic Binding of Heparin

Ionic binding of heparin is based on the strong anionic character of heparin 

and can be achieved on cationic surfaces or polymer surfaces rendered cationic 

by special treatment or copolymerization. The first preparation of heparinized 

surface by ionic attachment (Gott et al 1963) comprised the sequential 

treatment of a polymer with colloidal graphite, the cationic surfactant 

benzalkonium chloride and heparin. This procedure is generally unsuitable for 

flexible materials, since the graphite layer is brittle. Therefore, to eliminate the 

use of graphite, an alternative method of providing groups for heparin 

attachment is required.

It has been found that the quaternary ammomonium salt, tridodecyl­

methylammonium chloride (TDMAC) is an effective substance for heparin 

attachment and has been widely used in the preparation of heparinised surface 

(Grode et al 1969). The procedure involves contacting the polymer with 

TDMAC solution, followed by contacting with heparin. With this method, 

silicone rubber, polyurethane, polyethylene, polypropylene and poly(vinyl 

chloride) have been treated. TDMAC, with three long alkyl chains, is water 

insoluble and believed to be more stable on the surface (Falb et al 1977).

Preparation of heparinized surfaces by ionic attachment has also been 

achieved by incorporation of a polymer-heparin complex. Several complexes 

have been made, including these of heparin with benzalkonium chloride (Fourt 

et al 1966; Usdin and Fourt 1969), hexadecylpyridinium bromide (Hersh et al 

1971), TDMAC (Leininger et al 1972; Grode et al 1972), cetylpyridinium 
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chloride (Schmer et al 1976). PVC bypass tubes were coated with 

TDMAC/heparin complex and showed better thromboresistance than the 

uncoated surface (Brenner et al 1974).

The ionic attachment of heparin can be accomplished with polymers 

containing tertiary amine or quaternary ammonium groups. This approach has 

been utilised for elastomers (Falb et al 1966; Yen and Rembaum 1971), 

cellulose acetate (Martin et al 1970), methyl methacrylate (Courtney et al 1978) 

and cellulose (Holland et al 1978; Schmitt E et al 1983).

In the preparation of a more stable ionic binding of heparin, a glutaradehyde 

crosslinking agent has been used (Lagergren and Eriksson 1971; Barbucci et 

al 1985, 1987). The investigation of such a surface using S-labelled heparin 

demonstrated a greater stability of the heparin layer and good 

antithrombogenicity (Larsson et al 1977; Olsson et al 1977).

A common characteristic of heparinized surfaces by ionic attachment is the 

removal of the heparin when in contact with blood or plasma, and this leaching 

effect has been utilised in the preparation of polymers designed to provide a 

controlled release of heparin (Tanzawa et al 1973; Mijama et al 1977). 

However, the heparinized biomaterials prepared by ionic binding are unsuitable 

for long-term application.
X

3.4.2 Covalent Binding of Heparin
To achieve more stable heparinized surfaces, covalent attachment of heparin 

onto polymer surfaces has been developed. Normally, the heparinisation of 

polymer surfaces by covalent binding involves the functional activation of 

treated surfaces to produce groups such as OH or NH2, which are capable of 

reacting with COOH groups in the heparin molecules.

With classical activation techniques, heparin has been covalently 

immobilised onto poly (vinyl alcohol) through an acetal bridge (Merrill et al 

1970), onto agarose through cyanogen bromide and carbodiimide activation 

(Schmer et al 1972; Danishefsy and Tzeng 1974), and onto cellulose through 

radiochemical activation (Hasenfratz and Knaup 1981). The preparation of 
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amine or hydroxy derivative surfaces followed by heparin attachment has been 

applied to silicone rubber through cyanuric chloride activation (Grode et al 

1972; Falb et al 1977), to poly (etherurethane) catheters through hydrolysis in 

NaOH solution (Heyman et al 1985), to styrene-butadiene-styene elastomers 

through peracetic acid treatment (Goosen and Sefton 1989; Sefton and Merrill 

1976).

Considering the biological activity, covalently heparinized surfaces do not 

always show an improved blood response (Merrill et al 1970; Hoffman et al 

1972). The effectiveness of the activity of heparin bound on surfaces is 

considered dependent on the possible utilisation of the functional groups in the 

active sites of heparin molecule during the attachment procedure, on the 

inhibition of blood-heparin contact by protein adsorption (Larm et al 1989) and 

on the mobility of the heparin chain on surfaces.—”

It is reported that heparin contains specific sites on the pentasaccharide 

chain, which could form a complex with AT-IH and be able to catalyse the 

thrombin inhibiting reaction (Lindahl et al 1979; van Boeckel 1985). On the 

basis that a satisfactory surface must maintain the ability of heparin to bind and 

activate AT-IH (Larsson et al 1980), procedures for covalent attachment of 

heparin have taken into account the effect of the attachment process on AT-IH 

binding sites. Protection of the AT-EH binding sites during heparin 

immobilisation has been achieved by a technique producing end-point 

attachment of heparin (Larm et al 1989). In this technique, heparin is partially 

degraded with nitrous acid to produce at the reducing terminal residues, 

fragments with reactive aldehyde groups, which are coupled to an aminated 

surface by reductive amination. Other functional groups in heparin are not 

involved in the immobilisation reactions and the AT-HI binding sequence is not 

influenced.

Another approach to achieving better anticoagulant activity of heparinized 

surfaces has employed a spacer through which heparin is immobilised onto a 

polymer matrix (Ebert and Kim 1982). With this approach, heparin was 

covalently immobilized onto agarose with an alkyl spacer and the anticoagulant 
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activity of heparinized agarose increased with increasing ±e spacer length 

(Ebert et al 1982). Based on this investigation, the achievement of better 

anticoagulant activity may result from the increasing mobility of the heparin 

chain on surfaces by utilizing the spacer arm. Since the hydrophobic alkyl 

spacer may activate platelets, the hydrophilic poly (ethylene oxide) chains have 

been preferred as spacers for the covalent attachment of heparin to 

polyurethane (Park et al 1988), polysiloxane (Grainger and Kim 1988) and 

polystyrene (Vulic et al 1988) in triblock copolymers.

A variation to heparin immobilisation involves the covalent binding of an 

albumin-heparin conjugate (Hennink et al 1983). This approach utilises the 

benefits of the albumin adsorption reducing the platelet activation and heparin 

activating the AT-EH to prevent thrombus formation.

The interactions of heparinized surfaces with blood have been widely 

investigated (Larsson et al 1980; Goosen et al 1980; Hennink et al 1984; 

Pasche et al 1986). Generally, the investigation of the interactions of 

heparinized surfaces with blood are carried out with covalently heparinized 

surfaces, since the ionically heparinized surfaces release heparin in contact with 

blood or plasma, making it difficult to decide if the achievement of 

anticoagulant effects result from the heparin binding or the released heparin. 

With covalently heparinized surfaces, it has been shown that both thrombin 

(Goosen et al 1980; Hatton et al 1983) and AT-EH (Hennink et al 1984; Pasche 

et al 1986) are adsorbed onto heparinized surfaces. The thrombin inhibition 

reaction occurs between adsorbed proteins to form the inactive thrombin-AT-HI 

complex. This complex is released and the binding sites on heparin are 

available for binding thrombin and AT-]U again (Migonney et al 1988). This 

mechanism emphasises the importance of protecting the binding sites in 

heparin moleculares during the preparation of heparinized surfaces.

The successful usage of heparinized materials is dependent on the nature of 

the application. The focus has been towards catheters (Heyman et al 1985; 

Eloy et al 1987) and extracorporeal blood purification procedures. In clinical 

application, the process of extracorporeal blood purification requires the 
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systemic use of heparin, which has the potential disadvantages of a risk of 

haemorrhage (Leonard et al 1969) and an adverse effect on platelets (Lindsay 

et al 1977, Kelton 1986). To eliminate these disadvantages of the systemic use 

of heparin, the immobilization of heparin onto the components of 

extracorporeal blood purification has been evaluated. In haemodialysis, 

systems have been evaluated based on ionic binding (Schmer et al 1976, 1977) 

and covalent binding (Lins et al 1984), but regular application has not yet been 

achieved. In cardiopulmonary bypass, membrane oxygenators have been 

heparinized by ionic binding through TDMAC-heparin complex stabilized by 

glutaraldehyde (Rea et al 1972; Hagler et al 1975), but covalent binding 

(Mottaghy et al 1989; Nilsson et al 1990; Palatianos et al 1990; Tong et al 

1990; Vidern et al 1991) appears to be the approach most likely to gain clinical 

utilisation (Courtney et al 1993a). It has been reported that heparinized 

membrane surfaces not only achieve better antithromgenicity but also reduce 

granulocyte activation (Videm et al 1991) and complement activation 

(Mottaghy et al 1991).

3.5 PREPARATION OF BIOMEMBRANE-MIMETIC SURFACE
The approach of biomembrane-mimetic surface is the preparation of 

polymer surfaces designed to mimic biologically inert interfaces of blood cells 

and thereby avoid the recognition by the blood as "foreign".

The development of such an approach has arisen from the studies of the cell 

membrane structure and function. The investigation has established that 

erythrocytes and platelets are built upon an asymmetric fluid bilayer of 

phospholipid (Zwaal et al 1977) and choline-containing phospholipids make up 

the major fraction of the lipid exposed at the cell surface (Zwaal and Beavers 

1983). It is reported that the phosphorylcholine (PC) head group forms 88% 

of erythrocyte and 78% of platelet outer membrane surfaces (Durrani and 

Chapman 1987). The importance of the PC head group in preventing the 

activation of blood coagulation is supported by ±e fact of that the PC- 

containing lipid induces minimal protein adsorption and platelet activation
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(Ishihara et al 1990, 1991).

To develop the biomembrane-mimetic polymers, diacetylenic phospholipids 

polymers containing PC groups have been synthesised (Durrani and Chapman 

1987). The coating of this polymer onto hydrophobic surfaces, such as PVC, 

polyethylene, polypropylene polystyrene, has been shown to reduce the 

adsorption of fibrinogen and platelets (Chapman and Charles 1992).

In an alternative approach, functionally active PC-containing compounds 

have been synthesised. It is believed that these compounds could covalently 

attach onto polymer surfaces containing hydroxyl, carboxylic acid or acid 

chloride groups (Durrani et al 1986; Hayward et al 1986a, 1986b; Hall et al 

1989) and similar improvement proposed could be achieved.

In another technique for the preparation of biomembrane-mimetic surfaces, 

the monomer containing PC, 2-methacryloyloxyethyl phosphorylcholine (MPC), 

has been synthesed and successfully copolymerized with hydrophobic 

monomers, such as butyl methacrylate (BMA) (Ishihara et al 1990) and styrene 

(Kojima et al 1991), and coated onto cellulose membrane (Ishihara et al 1992). 

Investigations of blood compatibility indicated that poly(MPC-co-BMA) 

reduces protein adsorption (Ishihara et al 1991) and platelet adhesion (Ishihara 

et al 1990), with the effect dependent on MPC composition. Investigation of 

MPC-coated cellulose membrane, indicated suppressed platelet adhesion 

(Ishihara et al 1992).

In this project, the copolymer of poly(BMA-co-MPC) and MPC grafted 

cellulose membrane were selected to study the influence on protein adsorption 

and blood response of biomembrane-mimetic surfaces (Chapter 7).

3.6 CONCLUSION
The development of blood-compatible biomaterials is important for 

successful clinical application. Although biomaterials with improved blood 

compatibility have been achieved by surface modification, an ideal blood 

compatible biomaterial resembling the endotheluim is far from sight. It is 

believed that improved knowledge of blood-biomaterial interactions can 
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promote the development of blood-compatible biomaterials. For this purpose, 

the influence on protein adsorption and blood responses by modified polymers 

has been studied in this thesis.
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CHAPTER 4

METHODOLOGY



4.1 INTRODUCTION

To investigate the blood compatibility improvement induced by polymer 

modification, in vitro test procedures were selected in this project. The 

advantages of in vitro tests are versatility, rapidity, simplicity of performance 

and relative inexpense. In the process of biomaterial assessment, in vitro tests 

can play an important role in the initial stage of evaluation.

In this project, blood (protein) - biomaterial contact was achieved by an 

incubation test procedure, which is suitable for evaluating materials in flat 

sheet form. To achieve a consistent area of a biomaterial in contact with blood 

(protein), a modified incubation test was established and developed to provide 

a response appropriate to the selected parameter measurement.

A multiparameter assessment programme is desirable in the process of 

biomaterial evaluation but this has to be offset by the practical limitations. The 

parameters selected in this study focused on three relevant features, which are 

important aspects in the blood responses to a biomaterial. These were protein 

adsorption, complement activation and the contact phase activation of the 

intrinsic coagulation. Protein adsorption was determined by the measurement 

of radioiodine-labelled fibrinogen and albumin single protein adsorption. 

Complement activation was monitored by measurement of C3a generation 

using a radioimmunoassay. Finally, contact phase activation of the intrinsic 

coagulation was measured by determining a parameter of FXII-like activity 

(FXIIA) with a chromogenic substrate assay.

4.2 REFERENCE MATERIALS SELECTED FOR INVESTIGATION
The reference materials selected in this project for blood compatibility 

evaluation were the regenerated cellulose membrane Cuprophan 150 PM, the 

synthetic membrane AN69S (acrylonitrile-sodium methallyl sulphonate 

copolymer) and a negatively charged polyamide membrane. All these materials 

have well-defined polymer composition, surface characteristics and high quality 

of manufacture.
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Figure 4.1 Chemical structure of Cuprophan (Akzo)
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4.2.1 Cuprophan

Cuprophan. the most widely used regenerated cellulose membrane for 

haemodialysis, is manufactured by Akzo (Wuppertal, Germany). The structure 

of Cuprophan is shown in Figure 4.1.

The manufacture of Cuprophan is based on the properties of cellulose. 

Cellulose consists of a large number of anhydroglucose units joined together 

by 1-4 and 1-6 beta-glucosidic linkages (Brydson 1975). A strong 

intermolecular attraction, resulting from hydrogen bonding, is a feature of 

cellulose. This characteristic is of great importance to membrane formation 

and utilisation. The hydrogen bonding is promoted by the regular arrangement 

of hydroxyl groups. It ensures that cellulose is insoluble in solvents and 

cannot be melted since thermal degradation occurs before flow. Therefore, the 

manufacture of cellulose membranes requires the production of a soluble or 

thermoplastic derivative as an intermediate (Briston and Katan 1974). The 

manufacture of cellulose membranes involves three steps:

1. Chemical modification to produce a soluble or thermoplastic cellulose 

derivative.

2. Membrane formation by solvent casting or melting.

3. Treatment of the cellulose derivative to achieve regeneration into 

cellulose.

Production of the cellulose derivative is a key factor in the process. Most 

of the cellulose membranes used for haemodialysis are produced by the 

Cuprammonium process. A soluble complex is formed by dissolution of 

cellulose in Cuprammonium solution and regeneration is achieved by reaction 

with alkaline solution. Membranes can also be produced by the viscose 

process. This process involves the formation of a soluble xanthate by reaction 

of cellulose with alkali and carbon disulphide, followed by acidic regeneration. 

Another technique used in membrane production is the production of 

thermoplastic cellulose acetate, which is hydrolysed to cellulose by reaction 

with alkali (Courtney et al 1984).
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Figure 4.2 Chemical structure of AN69S
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Cellulose films are generally rdentified by a system of figures and letters 

derived from a code used m the manufacture of regenerated cellulose films as 

wrapping materials (Briston and Katan 1974). The figures refer to the nominal 

weight in grams of 10 m2 of film and therefore are indicative of thickness. 

The letters denote the condition of the film by indicating whether it is coated 

or uncoated, since cellulose films may be coated with cellulose nitrate in order 

to reduce moisture sensitivity.

Regenerated cellulose films used as membranes for extracorporeal blood 

purification use the letters PM, denoting that the membrane is uncoated and 

suitable for medical application. The most important regenerated cellulose 

membranes for haemodialysis is Cuprophan, which is prepared by the 

Cuprammonium process. The availability of Cuprophan membranes and their 

clinical application have led to these membranes serving as reference 

membranes. Cuprophan 150 PM is the reference membrane selected in this 

project.

4.2.2 Polyacrylonitrile - based membrane AN69S

Polyacrylonitrile - based AN69S membranes are produced from a 

copolymer of acrylonitrile and sodium methallyl sulphonate, under the 

tradename AN69S. Figure 4.2 shows the chemical structure of this polymer. 

AN69S membranes are clinically used in extracorporeal blood purification and 

have a significantly higher permeability to solutes in the 1000 to 2000 

molecular weight range as compared with Cuprophan 150 PM.

In general, AN69S membranes have been considered to provide improved 

blood compatibility in that their influence on leucocytes and the complement 

system is significantly less than that of regenerated cellulose. However, these 

materials require specialised monitoring equipment, because of high 

ultrafiltration rates and excessive fluid removal from patients, and hence their 

clinical application has been hindered.
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4.2.3 Polyamide

There has been a long interest in the use of polyamides in medical 

applications. Polyamide or nylon has been used as fabrics and sutures, but is 

normally too reactive to be suitable for long-term implantation (Courtney and 

Gilchrist 1980).

Polyamide - based membranes were originally developed for use in 

extracorporeal blood purification. In one attempt to improve on the 

Cuprophan 150 PM haemodialysis membrane, a polyamide - epoxide resin 

copolymer was studied by Luttinger and Cooper (1970). However, no 

significant improvement was achieved. In 1977, Streicher and Schneider 

produced an asymmetric hollow fibre membrane from an aromatic polyamide. 

The application of these membranes was in haemofiltration.

Polyamide membranes (NRZ and NR) supplied by Pall Process Filtration 

Ltd (England, UK) were selected for evaluation in this project. These materials 

had the same porosity (0.2 pm) and zeta potentials are -17.0 mv for NRZ and 

-28.6 mv for NR at physiological pH value. They were chosen principally for 

their well characterised electronegativity, and secondly because they have been 

previously utilised as control materials in blood compatibility assessment 

(Travers 1987; Irvine 1989).

4.3 BLOOD RESPONSE MEASUREMENT

4.3.1 Introduction
The basic features of blood compatibility assessment, which were 

considered in Chapter 2, are nature of the blood, parameters selected and the 

method of achieving blood-material contact. Since the utilisation of 

anticoagulant can modify the response of blood to biomaterials (Robertson et 

al 1990), healthy human whole blood was used in this study. The parameters 

selected to monitor blood response were C3a generation and FXH-like activity 

(FXTTA) To achieve blood-material contact, an incubation test cell was 

utilised and modified.
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4.3.2 Blood Collection

Blood was obtained from the median cubital vein of healthy volunteers who 

had taken no medicine likely to effect platelets for 14 days. Good 

venepuncture technique ensured minimal trauma to blood. Collected blood was 

transferred into a polyproprene vial and then aliquoted into test cell using a 

pipette. Since the blood would contact other surfaces, viz the syringe, needles, 

vial and pipette, prior to contact with the test material, it was essential to 

transfer the blood to the test cell as quickly as possible.

4.3.3 C3a Measurement

4.3.3.1 Introduction

The activation of the complement system resulting from blood contact with 

biomaterials is known to play a key role in the production of inflammatory 

mediators (Chapter 2). To monitor blood complement activation induced by 

contact with artificial surface, C3a generation, a major component of the 

complement cascade, is measured. In plasma, C3a is unstable and can be 

rapidly converted to C3a des Arg by a serum carboxypeptidase removing 

arginine. Therefore, the assay is a measure of the concentration of C3a des 

Arg by a radioimmunoassay.

The standard haemodialysis membrane Cuprophan was selected as the 

reference material throughout C3a measurement. This was chosen principally 

for the fact that such membranes are the most widely used haemodialysis 

materials and have been widely studied. The control material selected was the 

polystyrene (PS) incubation plate.

4.3.3.2 Principle of Assay
The measurement of C3a was achieved by a radioimmunoassay (Amersham 

International plc) kit. The assay was based on the competition between 

unlabelled C3a des Arg and a fixed quantity of [123I]-labelled C3a des Arg for 

a limited number of binding sites on a specific antibody. With fixed amounts 

of antibody and [123I]-labelled C3a des Arg, the amount of labelled C3a des 
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Arg bound was inversely proportional to the concentration of sample non­

radioactive Cja des Arg. The antibody bound C3a fraction was then reacted 

with a second antibody reagent. The second antibody bound fraction was 

removed from the solution by centrifugation, followed by decantation of the 

supernatant and counted in a gamma counter. Each assay included a standard 

curve from which unknown C3a concentrations were calculated. The standard 

curve and samples were prepared simultaneously.

The standards supplied with the kit can measure samples with concentration 

in the range of 40-1000 ng/ml. Samples which were expected to exceed the 

limit of accuracy were diluted 50% by mixing the supernatant with isotonic 

saline containing sodium EDTA.

4.3.33 Procedure of Assay
Plasma sample was assayed in duplicate with following procedure:

1) The frozen plasma samples and assay kit were thawed at room 

temperature

2) Adding 200 pl of precipitating reagent into 200 pl of plasma sample 

tube to removal of all C3a in sample

3) Mixing the tube well, incubating at room temperature for at least

5 min and then centrifuging at 2500g for 15 min at 4°C

4) 25 pl of supernatant or standard were transferred to another assay

tube which contained 25 pl assay buffer

5) Adding 25 pl of assay tracer and 25 pl of antiserum into the tube

6) Mixing the tube well, incubating at room temperature for 30 min

7) Adding 25 pl of second antibody into the tube

8) Mixing the tube well, incubating at room temperature for 30 min

9) Adding 1 ml of isotonic saline into the tube and then centrifuging at 

2000g for 10 min at 4°C

10) Decanting off the supernatant and inverting the tube to drain for 

5-10 min

11) Determining the radioactivity of the sample by counting in a gamma
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counter

4.3.3 .4 Calculation

For each standard and unknown sample, the percentage of antibody bound 

labelled C3a des Arg is calculated using the following equation:

% B/Bo = 100 * ( Standard/Sample cpm - NSB cpm )/( Bo cpm - NSB cpm) 

NSB: no specific binding

Bo: zero standard

The standard curve was generated by plotting the percent B/Bo against the 

log C3a des Arg concentration. The concentration of C3a des Arg of the 

samples was obtained from the standard curve after account for dilution.

43.3.5 Statistics
Statistical analysis was performed using the minitab package (version 7.1, 

VMA/VAX Version). The numbers of measurements for each type of 

polymers, at certain time, were 2*n (n is number of donors, duplicate C3a 

assays on each donor’s plasma). In order to represent the patterns of a 

polymer influence on C3a generation, the actual mean values were used.

Comparisons of the difference between two means were carried out by the 

twosample student’s t-test and these are reported at 95% confidence intervals 

(P<0.05).

4.3.4 FXII-like Activity Measurement

4.3.4.1 Introduction
Factor XU, also known as the Hageman factor (FXH), is present as an 

inactive precursor in normal human plasma at a concentration of between 2o- 

40 pg/ml (Saito et al 1976). When blood is in contact with an artificial 

surface, FXH is activated into an active serine protease FXUa by the interaction 

between artificial surface, high molecular weight kininogen and kallikrein. The 

46



production of FXIIa is an autoactivation process and enables the progression 

of the coagulation cascade.

In addition to the initiation of intrinsic coagulation pathway, which has been 

described in Chapter 2, FXII and its activated form can also initiate the kinin 

system, fibrinolysis and complement activation.

The activation of kinin system, induced by the action of kallikrein (Colman 

et al 1975), results in the production of bradykinin, which can induce 

pulmonary damage, increase vascular permeability and result in interstitial 

oedema (Gustafson and Colman 1987).

The influence of FXU on fibrinolysis is due to the activation of 

plasminogen to plasmin. The production of plasminogen activator induced by 

kallikrein and bradykinin was reported (Egberg et al 1988). Therefore, the 

effect of FXII on fibrinolysis can be direct and indirect.

The relationship between FXII and complement system is also direct and 

indirect. (3-FXIIa has been shown to activate the first component of 

complement (Ghebrehiwet et al 1983). As the activation of FXH leads to both 

plasmin and thrombin generation and both of these enzymes can activate Cl 

and plasmin can convert C3 to C3a, FXH activation can lead indirectly to 

activation of the complement system (Fuhrer et al 1990).

FXIIa exists in two forms, which are oc-FXHa and (3-FXHa. a-FXHa has 

a molecular weight of 80,000 and is mainly bound onto the biomaterial surface. 

Specific cleavage of cc-FXHa results in the formation of (3-FXHa. This enzyme 

has a molecular weight of 28,000 and is free to diffuse away from the surface 

(Silverberg et al 1980). The measurement of FXH-like activity in this project 

included both forms of FXIIa.
The reference materials selected for FXIIa measurement were polyamides 

(NRZ and NR). It has been indicated that a polyamide with negative charge 

induced higher FXII activation (Irvine 1989). The control polymer was a 

polystyrene incubation plate.
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4.3.4.2 Principle of Assay

Measurement of FXH-like activity was achieved with the chromogenic 

substrate (2-AcOH-H-D-CHT-Gly-Arg-pNA) (Channel Diagnostics, Walmer, 

Kent) assay (Sundaram 1992). The assay was based on that FXHa attacked the 

substrate to release the substance of p-nitroaniline (pNA) with yellow colour, 

which gave the absorbance at 405 nm in a spectrophotometer. The amount of 

FXIIa was proportional to the absorbance. To specify the assay, inhibitors 

were utilised to protect the other enzymes in plasma from attacking the 

substrate. Kallikrein inhibitor was utilised to inhibit kallikrein, plasmin, trypsin 

and FXa. Hirudin was utilised to inhibit thrombin.

4.3.4.3 Procedure of Assay

Prior to assay, the substrate was reconstituted in 10 ml of sterile water to 

obtain a final concentration of 1 pmol/ml. Kallikrein inhibitor (KI) (Channel 

Diagnostics, Walmer, Kent) was reconstituted in 10 ml of distilled water and 

diluted 1/50 in buffer. The stock solution of hirudin (CGP-39393) (Ciba 

Geigy) was prepared by dissolving hirudin in saline to obtain a concentration 

of 10 AT (antithrombin) units/ml. The buffer (Tris-HCl 0.025 M, NaCl 0.025 

M, pH=8) was used throughout the experiment.

Plasma sample was assayed in duplicate on a microtitre (96 well 

polystyrene microplate, Limbra Ltd) with following procedure:

1. Adding 25 pl of plasma sample into each well

2. Adding 75 pl of buffer containing KI and 25 pl of hirudin stock 

solution, then incubating for 2 min at 37°C

3. Adding 50 pl substrate, then incubating for 10 min at 37°C

4. Reaction stopped by adding 50 pl of 50% acetic acid

5. Measuring the absorbance of the mixture at 405 nm in a

spectrophotometer against a blank, which was the plasma sample at t=0 

without the addition of substrate
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4.3.4.S Statistics

Statistical analysis was performed using the minitab package (version 7.1, 

VMA/VAX Version). The numbers of measurements for each type of 

polymers, at certain time, were 2*n (n is number of donors, duplicate EXIT A 

assays on each donor s plasma). In order to represent the patterns of a 

polymer influence on FXH activation, the actual mean values were used. 

Comparisons of the difference between two means was carried out by two 

sample student s t-test and these are reported at 95% confidence intervals 

(P<0.05).

4.3.5 Test Cell and Procedure

4.3.5.1 Introduction

An important feature of blood compatibility assessment is the method used 

to achieve blood-material contact. Various procedures have been employed in 

the evaluation of flat sheet materials. These include the rocking test cell 

(Lindsay et al 1973), the oscillating test cell (Bowry 1981; Travers 1987; 

Robertson 1988) and a test cell permitting control of blood flow and wall shear 

(Weng et al 1991).

An alternative approach to the evaluation of flat sheet materials is the use 

of incubation test cells. The original method utilised a Petri dish (Lemke 

1985) but the use of multiwell plates has become more common (Payne and 

Horbett 1987; Allen 1988; Irvine 1989). Therefore, a 24 well polystyrene 

microplate (diameter 1.6 cm, shown in Figure 4.3) was selected as the basis for 

the first phase of the blood compatibility assessment.

During experiments with the 24 well incubation test cell, the material to be 

tested was cut as a disc (diameter 1.5 cm) and placed into the well. Then 1 

ml blood was added into each well in which the contact of blood with material 

was achieved. To achieve adequate mixing, the incubation plate was placed 

on an orbital shaker. After the selected incubation time, blood sample was 

collected. The disadvantage of this incubation test cell is that the contact area 

of material with blood is not constant, since it was found the disc of material
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Table 4.1 Comparison of C3a concentration levels of Cuprophan obtai 
with the 24 well modified incubation test cell and the 24 
original incubation test cell

Time 
(min)

C3a desArg Concentration Mean ± S.D.(ng/ml)

Material

Control 
n=3

Cup-original * 
n=3

Cup-modified * 
n=5

Pre 195 ± 32 192 ± 32 201 ± 24

3 216 ± 35 425 ± 158 305 ± 44

6 266 ± 72 512 ± 174 371 ± 76

9 311 ± 28 645 ± 166 473 ± 50

12 368 ± 83 851 ± 308 568 ± 92

* Cup-original: Cuprophan tested with 24 well original incubation test cell 
Cup-modified: Cuprophan tested with 24 well modified incubation test cell

Incubation Time (min)
Cup-original Cup-modified

Figure 4.5 Comparison of C3a concentration levels of Cuprophan 
obtained with the 24 well modified incubation test 
cell and the 24 well original incubation test cell 
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was not at the bottom of the well and could float up dunng the incubation. To 

overcome this disadvantage, a 24 well modified incubation test cell was 

established.

4.3.S.2 Modified 24 Well Incubation Test Cell and Procedure
The 24 well modified incubation test cell is shown in Figure 4.4. It 

contains a base plate made of polymethylmethacrylate (Perspex), a piece of soft 

silicone rubber, a 24 well (diameter 1.6 cm) polystyrene microplate opened at 

the top and bottom, three bars for fixing and covers (Figure 4.4.a). To set up 

the new modified incubation test cell, the material to be tested (which has been 

soaked in saline overnight) was placed in between the 24 well polystyrene plate 

and the silicone rubber sheet fixed on the Perspex base plate. The test cell was 

clamped together with the three bars (Figure 4.4.b). Since the silicone rubber 

is soft, blood does not leak from the bottom after clamping.

During the blood test experiment, the test cell was set up before blood 

collection. After collection, 1 ml whole blood was immediately added into 

each well and incubated with the material at 37°C. To achieve adequate 

mixing, the incubation plate was placed on an orbital shaker. Samples were 

collected from the test cell at 3, 6, 9 and 12 min. Blood (500pl) was added to 

the C3a sample tubes containing 50pl 1.5% disodium EDTA ( 450 pl blood 

were added to the FXUa sample tubes containing 50 pl 3.2% sodium citrate) 

as anticoagulant- Samples were centrifuged at 2000g at 4 C (room 

temperature for FXUa samples) for 15 min and plasma was separated and 

stored at -70 °C until assayed.

The comparison of blood test results between the modified and original 24 

well incubation test cell, in terms of complement activation with Cuprophan, 

is shown in Table 4.1 and Figure 4.5.

The results in Table 4.1 and Figure 4.5 show that the standard deviation of 

the C3a levels of Cuprophan tested with the modified incubation test cell are 

much less than those with the original incubation test cell. This can be 

interpreted on the basis that a consistent area of biomaterial contact with blood

52



* PS : Polystyrene; Cup: Cuprophan

Table 4.2

t concentration levels obtained w,th the 6 well 
^*^24“wed modif.ed 1BCUbaUOn KSt “ S_______

ronrftntration Mean ± S.D.(ng/ml) (n-5) D

C3a Des/^^^^^
Test CellModtneu

—-—" TZT _2\ 6 Well (9.5cm2) 1
Time 24 Well (¿cm ;

Cup* 

201 ± 24 

305 ±44 

371 ± 76 

473 ± 50 

568 ± 92

PS Cup AN69S

(min) pS*(n=3)
98 ± 35 98 ± 35 98 ± 35 i

! Pre 195 ± 32
115 -^2 526 ±201 243 ±117 |

3 216 ± 35

266 ± 28

311 ±28

368 ± 83

156 ± 64 1015 ±303 427 ±165 1

6
312 ± 189 1383 ±309 731 ±248

! 9 409 ±211 ! 2506 ±522 1076 ±140
12

Incubation. Time (min)
S2 PS-24W ^3 Cup-24W '//I PS-âW = Cup-d*

□H AN69S-6W

Figure 4.7 Comparison of C3a concentration levels obtained with 
the 6 well and the 24 well modified incubation test cells 
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is achieved by the modified incubation test cell. The results in Table 4.1 also 

show the C3a concentration levels of Cuprophan tested with the modified 

incubation test cell are much lower than those with the original incubation test 

cell. This is because the C3a generation is dependent on the surface area of 

biomaterial in contact with blood (Mahiout et al 1987), and with the original 

incubation test cell, blood is likely to contact both sides of the biomaterial.

However, statistical analysis with the paired t-test reveals that the C3a 

concentration levels of Cuprophan obtained with the modified 24 well 

incubation test cell are not significantly (P>0.05) different from those of 

control material polystyrene (PS). This can be explained on the basis that the 

area of material in contact with blood is insufficient to provide an appropriate 

response of C3a. In order to overcome this problem, the test cell was 

developed.

43.53 Modified 6 Well Incubation Test Cell and Procedure

The purpose of replacing the 24 well modified incubation test cell was to 

increase the area of material contact with blood. This was achieved with a 6 

well polystyrene plate instead of the 24 well polystyrene microplate. The area 

of material contact with blood is 9.5 cm2 for the 6 well test cell and 2 cm' for 

the 24 well test cell.

Figure 4.6 shows the 6 well modified incubation test cell system. It is 

similar to the system of 24 well modified incubation test cell. The blood test 

procedure using this 6 well modified incubation test cell was the same as that 

for the 24 well modified incubation test cell, except 1.5 ml whole blood were 

added into each well. The ratio of the area of material in contact with blood 

to the volume of blood added is 6.3 for the 6 well test cell and 2.0 for the 24 

well test cell.
The comparison of blood test results between these two modified incubation 

test cells, in terms of complement activation with Cuprophan and AN69S, is 

shown in Table 4.2 and Figure 4.7.

Statistical analysis of the results with the paired t-test reveals that the C3a
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Figure 4.6 Modified 6 well incubation test cell
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Incubation Time (min)
Z2Z NR

Figure 4.8 FXII-like activity measured with the modified 24 well 
incubation test cell
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concentration levels of Cuprophan are significantly higher (P<0.05) than those 

of the control material polystyrene (PS) at any time interval C3a 

concentration levels of AN-69S are significantly lower (P<0.05) than those of 

Cuprophan after 6 min incubation, which is in agreement with the previous 

indication of AN69S being more compatible than Cuprophan in the respect of 

complement activation.

Advantages of the modified 6 well incubation test cell are both the 

achievement of a consistent area of material contact with blood and the 

provision of an appropriate response to the parameter selected.

43.5.4 Influence of The Modified Incubation Test Cell on FXII-like 

Activity (FXIIA) Measurement

The FXIIA results with the polyamides (NRZ and NR) and polystyrene 

(PS), measured with the 24 well modified incubation test cell, are shown in 

Table 4.3 and Figure 4.8. Statistical analysis reveals that both polyamides 

induces significantly greater (P<0.05) FXIIA throughout the incubation period 

when compared with the control polymer polystyrene (PS). Comparing the two 

polyamides, the more electronegative polymer NR induces significantly higher 

(P<0.05) FXHA than the less electronegative polymer NRZ after 6 min 

incubation. These results demonstrate that FXIIA is dependent on the 

electronegativity of the biomaterial surface, with the more negative NR having 

a greater (P<0.05) effect than less negative NRZ. This observation is 

consistent with the accepted view (Colman et al 1987) that negatively charged 

surface induces higher contact phase activation. These results also show that 

the assay of FXH-like activity measurement is material-dependent.

Table 4.4 and Figure 4.9 show FXIIA results with polyamide (NR) and 

control polymer polystyrene (PS) measured with the 6 well modified incubation 

test cell, which are comprised with the results obtained with the 24 well 

modified incubation test cell. Statistical analysis with the paired t-test reveals 

that negatively charged NR induces significantly greater FXHA than 

polystyrene after immediately incubation. Comparing FXHA between the two
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Figure 4.9 FXH-like activity measured with the 6 well and the 24 well
modified incubation test cells
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modified incubation test cells anal™«,™ , , ,S’ analysis reveals that FXHA is dependent on the 
surface area of material in contact with blood.

For the consistency of blood testing, the 6 well modhied incubation test ceil 

was utilised throughout the blood test experiment.

Table 4.3 FXII-like activity measured with the 24 well 
modified incubation test cell

Material

Absorbance (405 nm) ± S.D. (n=3)

Incubation Time (min)

Pre 3 6 9 12
Control 

PS
0.058

± 0.012
0.060

± 0.009
0.062

± 0.014
0.068

± 0.008
0.074

± 0.013

Polyamide 
NRZ

0.058
± 0.012

0.082
± 0.006

0.106
± 0.005

0.126
± 0.009

0.149
± 0.012

Polyamide 
NR

0.058
± 0.012

0.090
± 0.008

0.152
± 0.009

0.164
± 0.013

0.186
±0.016

Table 4.4 FXII-like activity measured with the modified incubation test cell

Time

(min)

Absorbance (405 nm) ± S.D. (n=3)

Modified Incubation Test Cell

6 Well (9.5cm2) 24 well (2cm2)

PS NR PS NR

Pre 0.060 ± 0.010 0.064 ±0.011 0.058 ± 0.012 0.058 ± 0.012

3 0.068 ± 0.013 0.094 ± 0.007 0.060 ± 0.009 0.090 ± 0.008

6 0.072 ± 0.008 0.157 ± 0.010 0.062 ± 0.014 0.152 ± 0.009

9 0.084 ± 0.011 0.218 ± 0.017 0.068 ± 0.008 0.164 ± 0.013

12 0.104 ± 0.010 0.275 ± 0.011 0.074 ± 0.013 0.186 ± 0.016
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4.4 PROTEIN ADSORPTION MEASUREMENT
4.4.1 Introduction

Protein adsorption is the initial event when blood contacts an artificial 

surface and subsequent reactions of blood with a biomaterial are strongly 

influenced by the nature of adsorbed protein layers (Chapter 2). Therefore, the 

investigation of protein adsorption is important in understanding the blood 

response to biomaterials and for developing blood compatible biomaterials.

Protein adsorption has been studied from single protein (Brash and 

Davidson 1976; Weathersby et al 1977; Schmitt et al 1983; Brash et al 1983; 

Cheng et al 1987), protein mixture (Lee et al 1974; Brash and Uniyal 1979), 

plasma (Vroman et al 1980; Horbett 1981; Brash and Hove 1984) and whole 

blood (Ihlenfeld and Cooper 1979; Horbett 1986; Lelah et al 1986). The 

fundamental knowledge of protein-biomaterial interaction was derived from the 

studies of single protein adsorption. Furthermore, single protein adsorption 

study is versatility and easy to control. Therefore, for the basis of protein 

adsorption study, single protein adsorption of radioiodine-labelled fibrinogen 

and albumin was investigated in this project. These proteins are generally 

considered important for platelet reactions.

The materials involved in this project cover both hydrophilic and 

hydrophobic polymers, which have different flexibility. Therefore, the 

measuring protein adsorption procedure was established to be suitable for the 

hydrophilicity of material . The more hydrophilic cellulose membrane and 

PUU hydrogels were tested using the 24 well modified incubation test cell and 

the standard haemodialysis membrane Cuprophan was used as reference 

material. The brittle PBMA materials (at 25°C) were tested by a stirring 

system.

4.4.2 Procedure for Hydrophilic Materials
Direct single fibrinogen or albumin adsorption measurements of hydrophilic 

materials (cellulose membrane and PUU hydrogel) were earned out with the 

24 well modified incubation test cell. A square piece (2cm x 2cm) of material
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ill/cm2

Figure 4.11 Protein adsorption on Cuprophan against time
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to be tested was fixed in the test cell aftPr 1 ,me test cell alter being soaked overnight in buffer 
(5mM tris, 0.9% NaCl, PH=7.4) which was n, uh men was utLused throughout the protein 
adsorption experiment.

Iodinated ( I) human fibrinogen (Amersham Int Plc) was reconstituted with 

1 ml distilled water as a stock solution containing 0.8 mg/ml iodinated 

fibrinogen m an isotonic solution containing 0.75% sodium citrate and 0.65% 

sodium chloride.

Iodinated ( I) human albumin (Amersham Int Plc) was used as received 

as a stock solution containing 20mg/ml of iodinated albumin in an isotonic 

solution containing 0.75% sodium chloride and 0.9% benzyl chloride.

For the adsorption experiments, 40 pl of the fibrinogen stock solution 

(200pl of albumin) were added into the vial containing 20ml of buffer and 

stirred at 25 °C (see Figure 4.10a). The concentration of fibrinogen in this 

solution was 1.6 pg/ml ( 200 pg/ml for albumin). When the temperature 

reached to 25 °C, 1ml of this solution was added into the well, fixed with the 

material to be tested and incubated at 25 °C. The area of material in contact 

with protein solution was 2 cm2. The incubation was achieved by placing the 

test cell on an orbital water bath shaker, which was set at 25 °C. After the 

selected incubation time, protein solution was removed out and 1 ml of buffer 

added for rinsing The material was then taken out and dried with absorbent 

tissue. For counting the amount of radioactive fibrinogen (albumin) adsorbed 

on the material, the material was placed in a vial and counted three times in 

a standard gamma well counter.
The levels of protein adsorption on Cuprophan against time are shown in 

Table 4.5 and Figure 4.11. Results are represented by the actual mean of nine 

values (three occasional measurements and three time count readings), in order 

to represent the pattern of protein adsorption against time. From Figure 4.11, 

it can be seen that the levels of protein adsorption reach a steady level after 20 

min incubation. On this basis, the standard incubation time as 20 mm for the 

protein adsorption experiments was selected.

58



Figure 4.10 The system for protein adsorption measurement
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onTable 4.5 Protein

Protein

Protein Adsorption on Cuprophan (pg/cm2)

Incubation Time (min)

5 10 20 30 60
Albumin 0.053 0.069 0.101 0.098 0.102
Fibrinogen 0.006 0.008 0.013 0.015 0.014

4.4.3 Procedure for Poly(BMA-co-MPC)

Since poly(BMA-co-MPC) material is too brittle to clamp into the modified 

incubation test cell at the 25°C, an alternative procedure was established to 

determine protein adsorption on poly(BMA-co-MPC) materials (Figure 4.10b).

The proteins used were again fibrinogen and albumin.

For the adsorption experiments, 40 pl of the fibrinogen stock solution 

(200pl of albumin) were added into the vial containing 20ml of buffer and 

stirred at 25 °C (Figure 4.10a). The concentration of fibrinogen in this solution 

was 1.6 pg/ml ( 200 pg/ml for albumin). The sample, which had been pre­

soaked in the same buffer overnight, was placed vertically in this stirred 

solution when the temperature reached 25 °C. To achieve a constant area of 

material in contact with the protein solution, a paper clip was used to hang the 

sample in the solution (Figure 4.10b). The sample, 1.5 cm in width, was 

immersed to a depth of 2 cm, giving an area of 6 cm" in contact with the 

solution. After 20 min adsorption at 25 °C, the sample was taken out and 

rinsed by immersion in buffer. Excess buffer was removed by gently 

contacting with adsorbent tissue. The radioactive protein adsorbed on the 

sample was counted three times in the gamma counter.
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4.4.4 Calculation

Protein adsorption was calculated by dtviding the returned radioactivity on 

the sample, corrected for background, by the specific activity of the original 

protein stock solution and the known surface area of the sample.

Amount of protein adsorption = (Radioactivity on sample cps)/ (Radioactivity 

of original stock solution cps/pg)/(Area of sample cm2)

4.4.5 Statistics

Statistical analysis was performed using the minitah package (version 7.1, 

VMA/VAX Version). The number of values for each type of polymer was 

nine (three time measurements, three time count reading for each 

measurement). In order to represent the patterns of protein adsorption to a 

polymer, the actual mean values were used. Comparisons of the difference 

between two means was carried out by one-way analysis of variance and these 

are reported at 95% confidence intervals (P<0.05).

Where materials are compared the following procedure can be adopted: 

1. The values of fibrinogen and albumin adsorption, obtained as single protein 

determinations, are normalised for a selected or reference material to 100%. 

2. The term "ratio" is used to express the normalised value of albumin in 

comparison to that of fibrinogen, with the reference material having a value of 

1.
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CHAPTER 5

HYDROPHILIC POLYMER POLYURETHANEUREA

BASED ON PEO



5.1 INTRODUCTION

Recently, block copolymer polyurethanes have been used as biomatenals in 

several blood contacting devices such as catheters, vascular grafts and heart 

valves (Ihlenfeld et al 1979; Graham and Hercules 1981) due to their suitable 

thromboresistant and mechanical properties (Lelah and Cooper 1986). 

However, problems still remain in achieving ideal blood compatibility, 

especially in developing long term patency of small-calibre vascular grafts. To 

improve the blood compatibility of polyurethane block copolymers, increasing 

polymer hydrophilicity by the incorporation of poly(ethylene oxide) chains as 

part of the polymer matrix has been utilized, which are achieved either through 

direct grafting to the main chain (Park et al 1988; Nojiri et al 1990; Barbucci 

et al 1991; Bamford et al 1992), or synthesized as a segment of a block 

copolymer (Bots et al 1986; Grasel and Cooper 1986).

To investigate the influence of the increase in polymer hydrophilicity’ 

achieved by the utilization of PEO on the blood response, novel 

polyurethaneurea (PUU) block copolymers were selected in this project. These 

polyurethaneurea block copolymers are hydrogels and were supplied by 

Professor N.B.Graham, Department of Pure and Applied Chemistry, University 

of Strathclyde, Glasgow, in a collaborative programme.

The influence of those polyurethaneurea hydrogels on protein adsorption 

(albumin/fibrinogen), complement activation as represented by the measurement 

of C3a concentration levels and contact phase activation as represented by the 

measurement of FXH-like activity (FXI1A) levels were studied, with the 

methods previously described (Chapter 4).

The results from these studies are presented in this chapter and have been 

divided into following sections:

(a) Section 5.2, Materials

(b) Section 5.3, Results and discussion

5.3.1 Protein adsorption

5.3.2 Complement activation

5.3.3 Contact phase activation

(c) Section 5.4, Summary
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HO —("CH 2CH 2O y^H

Polyethylene oxide) (PEO), 5830 MW

HO "tCH 2 CH2 CH 2 0 H

Poly(propylene glycol) (PPG), 425 MW

4,4’ -diphenylmethanediamine

NCO CH NC0

4,4-dicyclohexylmethanediisocyanate

Figure 5.1 Chemical structure of chemicals used for 
the preparation of PUU hydrogels
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5.2 MATERIALS

5.2.1 Polyurethaneurea hydrogels

The polyurethaneurea (PUU) hydrogels selected in this project were 

prepared from a high molecular weight polyethylene oxide) (PEO) of MW 

5830 and a low molecular weight polyfpropylene oxide) (PPO) of MW 425, 

with the polyurethaneurea chain extension carried out with 4,4’- 

dicyclohexylmethanediisocyanate and 4,4’-diphenylmethanedianiine. Figure 5.1 

shows the chemical structure of these chemicals. The PUU hydrogels 

containing no PEO and containing 20% and 40% PEO were selected in this 

project.

The PUU hydrogel films were prepared by a solvent evaporation method 

from a methanol solution of PUU on a polyethylene plate. The hvdrophilicity 

of these hydrogel films was determined by the equilibrium water content after 

24 h of swelling in saline at 37°C. Table 5.1 lists the water content of PUU 

hydrogels selected in this project. The water content (% H,O) was calculated 

using the following equation:

% H;O = 100 * (wt.swollen polymer-wt.dry polymer)/(wt.swollen polymer)

Table 5.1 Water content of PUU hydrogels selected
PUU hydrogels PUU-PEO 0% PUU-PEO 20% PUU-PEO 40%

% H;O « 10% « 40% » 60%

5.2.2 Biomer
Biomer has been used in a number of blood-contacting devices such as 

catheters (Gilding and Taylor 1977) and artificial heart (Kolff et al 1974, 

Boretos et al 1975), due to its better blood compatibility (Hanson et al 1980; 

Lelah et al 1983) and excellent physical and mechanical properties (Boretos 

1980; Lelah et al 1983).
Biomer is a block copolymer of a segmented polyurethane. The soft 

segments consist of polytetramethyleneoxide (PTMO). The hard segments
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Figure 5.2 Chemical structure of Biomer

64A



conslSt of 4,4 -diphenyhnethanediisocyanate ,

mlxUre of diamines, pnmarUy ethylene diamme

figure 5.2 shows the repeat unit chemical stiucture of Btomer.

Biomer (Ethicon Inc.) was selects tk- , as selected in tins chapter to serve as a reference
material for the protein adsorption study

5.3 RESULTS AND DISCUSSION
5.3.1 Protein Adsorption

The influence of PUU hydrogels on albumin and fibrinogen adsorption is 

shown in Table 5.2 and Figure 5.3, in comparison with Biomer and Cuprophan.

Statistical analysis of variance reveals that PUU hydrogels containing PEO 

induce significantly lower fibrinogen adsorption than Biomer and Cuprophan. 

Compared with the PUU hydrogel containing no PEO, fibrinogen adsotption 

is markedly and significantly reduced on PUU hydrogels containing PEO. 

Between PUU hydrogels containing 20% PEO and 40% PEO, fibrinogen 

adsorption is not significantly different.

Table 5.2 Protein adsorption on PUU hydrogels compared with 
Biomer and Cuprophan

!

Polymer

............. ii

Protein adsorption on polymer surface (pg/cm2)
Mean ± S.D. (N=9)*

Albumin Fibrinogen

Biomer 0.192 ±0.015 0.043 ± 0.006

Cuprophan 0.101 ±0.005 0.013 ± 0.002

PUU-PEO 0% 0.176 ±0.010 0.018 ± 0.005

PUU-PEO 20% 0.190 ± 0.005 0.003 ± 0.001

PUU-PEO 40% 0.203 ± 0.012 0.003 ± 0.001________

* N: Number of values
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Fibrinogen

S3 Biomer S3 Cuprophan 22 PUU-PEO 0% B PUU-PEO 20%

□2J PUU-PEO 40%

Figure 53 Protein adsorption on PUU hydrogels compared with Biomer and

Cuprophan
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Albumin adsorption on PUU hydrogels containing PEO is significantly 

higher than that on Cuprophan and not significantly different from that on 

Biomer. Compared with the PUU hydrogel contatrung no PEO, PUU 

hydrogels containing 20% PEO and 40% PEO induce significantly more 

albumin adsorption, with more PEO-contamed inducing significantly more 

albumin adsorption.

It is generally considered that surface with less fibrinogen adsorption or 

more albumin adsorption are beneficial to platelets (Brash 1991). In order to 

compare protein adsorption between albumin and fibrinogen, the data of the 

amount of protein adsorption on polymers are normalised by regarding the 

amount of protein adsorption on reference materials as one hundred percent. 

The normalised data as well as the ratio of albumin adsorption to fibrinogen 

adsorption are listed in Table 5.3 (relevant to Biomer) and Table 5.4 (relevant 

to Cuprophan). Relevant to the reference material, a higher ratio of albumin 

adsorption to fibrinogen adsorption means that albumin is preferentially 

adsorbed on the polymer surface.

Table 5.3 Normalised data of protein adsorption on PUU hydrogels 
(relevant to Biomer)

Polymer Protein adsorption on polymer surface (%)

Albumin Fibrinogen Ratio

Biomer 100 100 1.0

PUU-PEO 0% 92 44 2.1

PUU-PEO 20% 99 7 14.0

PUU-PEO 40% 106 7 15.1

Compared with Biomer, PUU hydrogels containing PEO induce much less 

fibrinogen adsorption (about only 10% of that on Biomer) and about the same 

amount of albumin adsorption. PUU hydrogel containing no PEO also induce 

less fibrinogen adsorption (about 55% of that on Biomer) and the same amount 

of albumin adsorption than Biomer. The ratio of albumin adsorption to
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fibrinogen adsorption is in the order: PUU hydrogels contammg PEO > PUU 

hydrogel contaming no PEO > Biomer. This could mean that albumin in 

comparison to fibrinogen is preferentially adsorbed on polyurethane polymers 

in following order: PUU containing PEO > PUU containing no PEO > Riomer 

The soft segment phases of these polyurethane polymers are polyethylene 

oxide, polypropylene oxide and polytetramethylene oxide, respectively. 

Therefore, these results indicate that polyurethane polymers preferentially 

adsorbing albumin in comparison to fibrinogen, in which polyethers are 

incorporated as the soft segment phase, should be in the following order: 

polyethylene oxide > polypropylene oxide > polytetramethylene oxide. This 

observation is in agreement with the evidence of platelet reaction increasing in 

the opposite order when polyethers are incorporated as the soft segment phase 

: polyethylene oxide < polypropylene oxide < polytetramethylene oxide (Pekala 

et al 1986).

Table 5.4 Normalised data of protein adsorption on PUU hydrogels 
(Relevant to Cuprophan)

Polymer
I

Protein adsorption on polymer surface (%)

Albumin Fibrinogen Ratio

Cuprophan 100 100 1.0

PUU-PEO 0% 174 138 1.3

: PUU-PEO 20% 188 23 8.2

PUU-PEO 40% 201 23 8.7

Compared with Cuprophan, PUU hydrogels containing PEO induce much 

less fibrinogen adsorption (about 30% of that on Cuprophan) and about 90% 

more albumin adsorption. The ratio of albumin adsorption to fibrinogen is 

much higher for PUU hydrogels containing PEO than Cuprophan. These 

results indicate that PUU hydrogels based on PEO preferentially adsorb 

albumin in comparison to fibrinogen when compared with Cuprophan. This 

observation of albumin preferentially adsorbing on PUL hydrogels containing
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Incubation Time(min)
PUU-PEO hydrogel mm Cuprophan

3TG released from whole blood after 
contact with Cuprophan membrane and 

polyurethaneurea hydrogel based on PEO

Figure 5.4 Alteration in beta thromboglobulin concentration with time 

following blood contact with PEO-contained PUU hydrogel and 

Cuprophan
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PEO is in agreement with the evidence that i
U ■ h mnrv 0Wer Platele' response can be

obtained with the PUU hydrogel containing PEO than c„ k m
, c a ... k Cuprophan (Travers et

al 1986). Figure 5.4 illustrates the influence nf Pnn
umuence of PEO-containing PUU hydrogel, 

compared with Cuprophan, on the platelet release reaction, determined by 

measurement of the platelet-specifc protein beta thromboglobulin (BTG) 

(Travers et al 1986).

5.3.2 Complement Activation

The influence of PUU hydrogels on complement activation, as represented 

by the measurement of C3a concentration levels at different time following 

blood-polymer contact, is shown in Table 5.5 and Figure 5.5, compared with 

Cuprophan and polystyrene (PS).

Statistical analysis reveals that PUU hydrogels significantly increase C3a 

concentration levels after 6 min incubation, compared with C3a concentration 

levels prior to blood-polymer contact.

Table 5.5 C3a concentration levels obtained with PUU hydrogels in 
comparison to Cuprophan and polystyrene (PS)

Polymer

---------------------- -------------------------------------
C3a des Arg concentration levels (ng/ml)

Mean ± S.D.

Incubation Time (min)

Pre 3 6 9 12

PS 
(n=5)

98
± 35

115
± 42

156
± 64

312
± 189

409
± 211

Cuprophan 
(n=10)

139
± 38

534
± 155

896
± 126

1196
± 162

2225
± 315

PUU-PEO 0% 
(n=4)

160 
±26

375
± 126

997
± 322

1359
± 320

1652 
± 208

PUU-PEO 20% 
(n=5)

144
± 23

221
± 28

437
± 144

868
± 139

1216
± 78

PUU-PEO 40% 
^=5)

144
± 23

276
± 141

397
± 190

739
± 131

1126
± 309
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Figure 53 Alteration in C3a concentration levels with time following blood

contact with PUU hydrogels and Cuprophan
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PS Cuprophan PUU-PEO 0% -9- PUU-PEO 20%
PUU-PEO 40% NR

Figure 5.6 Alteration in FXHA Levels with time following blood contact 

with PUU hydrogels, Cuprophan, NR and PS
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Compared with polystyrene Pint k
significantly more C3a concentration levels^ C°°UUlm8 PE° “duce 

with Cuprophan. PUU hydrogeIs Compared

concentration levels after 6 mm incubation, and the PW hyd "T k”
j e ruU hydrogel containingno PEO induces significantly less cqQ • b

^centration levels at t=12 min. 
Compared with the PUU hydroeel cnnt^;y g containing no PEO, PUU hvdrogels 
containing PEO mduce significantly less ™5 less C3a concentration levels after 6 min 
incubation. Between PUU hvdroppku nyarogels containing 20% and 40% PEO C3a 
concentration levels are not significantly different at any mcubauon tune 

These results mdtcate that increasmg the hydrophilicity of polymer by the 

utilization of PEO can reduce complement activation. Although the mechanism 

for this achievement is uncertain, the Mowing postulation can be made:

Protein adsorption behaviour can be altered by the incorporation of PEO. 

As it has been reported that PEO has very low interfacial free energy with 

water, flexible polymer chain and the steric stabilization effect (Chapter 3), 

these special properties of PEO may prevent complement protein adsorption 

and adhesion, therefore inducing less complement activation.

5.3.3 Contact Phase Activation

The influence of the PUU hydrogels on the contact phase activation, as 

represented by the measurement of FXH-like activity (FXIIA) levels at 

different time following blood contact, is shown in Table 5.6 and Figure 5.6, 

compared with polystyrene (PS), Cuprophan and polyamide (NR).

Statistical analysis of variance reveals that FXIIA levels obtained with PUU 

hydrogels before 9 min incubation show no significant difference, when 

compared with FXTTA levels prior to blood-polymer contact. At t=12 min, all 

polymers activate FXH to a significant degree when compared with FXIIA 

levels prior to blood-polymer contact. As no anticoagulant was used, this rise 

may be partially associated with thrombin formation. Evidence of thrombin 

formation at about 9 min was observed (Sundaram 1992b). Also, reducing 

contact phase activation by adding the anticoagulant heparin into the blood has
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Table 5.6 FXH-like activity (FXHA) levels obtained with PUU hydrogels 
m comparison to Cuprophan, polystyrene (PS) and polyamide

Material

Absorbance (405 nm) Mean ± S.D.

_________ Incubation Time (min)

Pre 3 6 9 12
PS 

(n=3)
0.060

± 0.010
0.068

± 0.013
0.072

± 0.008
0.084

± 0.011
0.104

± 0.010
Cuprophan 
(n=9)

0.058
± 0.015

0.069
± 0.021

0.072
± 0.022

0.099
± 0.040

0.177
± 0.061

PUU-PEO 0% 
(n=3)

0.057
± 0.013

0.071
± 0.033

0.070
± 0.023

0.087
± 0.038

0.247
± 0.012

PUU-PEO 20% 
(n=3)

0.057
± 0.013

0.073
± 0.039

0.068
± 0.019

0.076
± 0.048

0.154
± 0.021

PUU-PEO 40% 
(n=3)

0.057
± 0.013

0.062
± 0.016

0.063
± 0.024

0.092
± 0.046

0.145
± 0.019

NR 
(n=3)

0.064
± 0.011

0.094
± 0.007

0.157
± 0.010

0.218
± 0.017

0.275
± 0.011

been reported (Irvine 1989).

FXHA levels obtained with NR polyamide are significantly greater than all 

other polymers after 6 min incubation. Compared with polystyrene (PS), PUU 

hydrogels do not induce significantly more FXHA levels until t=12 min 

incubation. Compared with Cuprophan, PUU hydrogels containing PEO induce 

no significant, difference in FXHA levels at any time incubation. Compared 

with the PUU hydrogel containing no PEO, PUU hydrogels containing PEO 

induce significantly less FXHA levels at t=12 min. Between PUU hydrogels 

containing 20% and 40% PEO, FXIIA levels are not significantly different at 

any incubation time.
These results reveal that contact phase activation is immediately activated 

after blood contact with negatively charged surface. For PUU hydrogels, the 

contact phase system is not activated to a significant degree until thrombin
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formation.

5.4 Summary

The investigation of the influence of PUU hydrogels based on PEO on 

protein adsorption, complement activation and contact activation reveals that 

PEO-containing PUU hydrogels can increase albnmm adsorption and markedly 

reduce fibrinogen adsorption, reduce complement activation and little influence 

on contact phase activation. The results of protein adsorption are in 

with the evidence of platelet reactivity reported previously. These observations 

indicate that the incorporation of PEO into a polymer can produce biomaterials 

with reduced platelet reactivity and a reduced immune response, with little 

influence on the contact phase activation.

An important feature of biomaterials research is the synthesis of polymers 

which either form the basis of biomaterials with improved blood compatibility 

or have the ability to modify the blood response to other polymers and thereby 

promote the development of improved composite biomaterials. The 

polyurethaneurea hydrogels studied, whilst insoluble in water, are soluble in a 

number of organic solvents, including methanol, ethanol, chloroform and 

dichloromethane. This solubility is an important advantage for these hydrogels 

in manufacturing composite biomaterials.
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CHAPTER 6

CELLULOSE MODIFICATION



6.1 INTRODUCTION

Membranes used in haemodialysis can be divided into two types. These are 

cellulose-based membranes, such as Cuprophan, cellulose acetate and 

Hemophan, and synthetic membranes, such as polyacrylonitrile-based polymer, 

poly(methyl methacrylate), polysulphone, polyamide and polycarbonate. The 

most widely used membrane in haemodialysis is regenerated cellulose 

Cuprophan, due to its reasonable blood compatibility, high dialysis efficiency 

for small molecules, tolerance to steam autoclave sterilization, low blood 

leakage and low product cost (Akizawa et al 1986).

The preparation and structure of Cuprophan have been fully described in 

Chapter 4.

Clinical utilization of Cuprophan still requires the systemic application an 

anticoagulant agent such as heparin to prevent thrombus formation. This may 

result in the risk of bleeding. Also, as indicated in Chapter 2 and Chapter 3, 

these membranes induce complement activation and result in the production of 

the anaphylatoxins C3a and C5a, which function as inflammatory mediators. 

These inflammatory mediators may be responsible for a number of 

manifestations noted clinically, such as neutropenia, hypoxia and leucocyte 

activation (Craddock et al 1977a, 1977b; Chenoweth et al 1983; Ivanovich et 

al 1983; Cheung et al 1987; Haeffher-Cavaillon et al 1989). Therefore, 

modification of Cuprophan to improve blood compatibility could be beneficial 

for the clinical utilization. The considerable advantage of modified cellulose, 

over synthetic materials, is the use of production conditions similar to those for 

well-established regenerated cellulose membranes.

The modification of cellulose membranes has been investigated for a long 

time, as a possible means of obtaining membranes with improved blood 

compatibility in the respect of complement activation (Chapter 3). However, 

cellulose modification may alter other characteristics of membranes, such as 

permeability, response of platelets and contact phase system.
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R :-CH2CH2N (C2H5) 2

Figure 6.1 Chemical structure of Hemophan
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b this project, selected ceUulose modifications for mvesdgauon were-

(a) Chemical modification of Cuprophan with partial 

replacement of hydroxyl groups with d.ethyiammoethyl (DEAE) 

groups (Hemophan)

(b) Cuprophan on which heparin is immobilized

The influence of these cellulosic membranes on protein adsorption (albumm 

or fibrinogen), complement activation, as represented by the measurement of 

C3a concentration levels, and contact phase activation, as represented by the 

measurement of FXII-like activity (FXIIA) levels were studied, using the 

methods previously described (Chapter 4).

i he results from these studies are presented in this chapter, which has been 

divided into following sections:

(a) Section 6.2, Materials

(b) Section 6.3, Results and discussion

6.3.1 DEAE-cellulose (Hemophan)

6.3.1.1 protein adsorption

6.3.1.2 complement activation

6.3.1.3 contact phase activation

6.3.2 Heparinized-Cuprophan

6.3.2.1 protein adsorption

6.3.2.2 complement activation

6.3.2.3 contact phase activation

(c) Section 6.4, Summary

6.2 MATERIALS
6.2.1 DEAE-cellulose (Hemophan)

Hemophan, manufactured by Akzo, is a cellulosic membrane with hydroxyl 

groups partially displaced by diethylaminoethyl groups, with the degree of 

hydroxyl substitution is 0.01. Figure 6.1 shows the chemical structure of 

Hemophan.
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Figure 6.2 Reaction routes of Cuprophan heparinization
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6.2.2 Heparinized-Cuprophan

Cuprophan heparinization was carried out in Twente University, Enschede, 

The Netherlands, by Dr. Gerard Engbers, in a collaborative programme. The 

principal modification reactions of Cuprophan heparinization processes are 

illustrated in Figure 6.2.

Before heparinization, Cuprophan membranes were rinsed with purified 

formamide to remove glycerol and water from membranes, since they attack 

the diimidazole used in the process. During the process of heparinization, 

dried heparin (Triton-B) dissolved in purified formamide was activated by the 

addition of 1,¡’-carbonyl diimidazole (CDI). After 30 min activation, 

Cuprophan membrane, pre-rinsed with formamide, was added into the activated 

heparin solution. The heparinization reaction was continued for 48 h.

After heparinization, the membrane was rinsed with demineralized water to 

remove formamide and non-reacted species and to hydrolyse non-reacted 

activated hydroxyl and carboxylic acid groups of heparin. Non-covalently 

bound heparin was removed by washing with sodium chloride solution, which 

was then rinsed away with demineralized water.

The control membrane (Cup-treated) was the Cuprophan treated with a 

heparin solution in formamide without the addition of CDI.

The amount of heparin immobilized onto the membrane was determined 

using the toluidine blue assay, which was principally based on the fact that 

heparin can form a complex with toluidine blue. After toluidine blue solution 

was contacted with heparinized Cuprophan, the toluidine blue depletion of this 

solution was determined by measuring the extinction at 634 nm in a 

spectrophotometer. The amount of heparin immobilized onto the membrane 

was calculated from the calibration line of extinction at 634 nm against the 

concentration of heparin (Engbers 1990). The heparinized Cuprophan selected 

in this project contained 20 pg/cm2 heparin on the surface. Measurement of 

the control membrane (Cup-treated) indicated that no hepann was present.

The advantage of this Cuprophan heparinization is that it avoids 

crosslinking of the membrane. Most of the other cellulose heparinization
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Figure 6.3 Protein adsorption on Hemophan compared with Cuprophan
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procedures involve the utilisation of bi nr • 
r m or tnfunctional reagents. These
reagents are able to react with two or tnore hydroxyl groups on the tnetnbrane 

Whtcb may induce membrane crosslmkmg. Therefore, the penneabUity of 

membrane may be affected. The heparinized Cuprophan smdied in this project 

has been shown to have a similar permeability to that of untreated Cuprophan 

(Engbers 1990).

6.3 RESULTS AND DISCUSSION

6.3.1 DEAE-cellulose (Hemophan)

6.3.1.1 Protein Adsorption

The influence of Hemophan on albumin and fibrinogen single protein 

adsorption is shown in Table 6.1 and Figure 6.3, in comparison to that obtained 

with Cuprophan.

Statistical analysis of variance reveals that Hemophan induces significantly 

less albumin adsorption and more fibrinogen adsorption when compared with 

Cuprophan.

Table 6.1 Influence of Hemophan on protein adsorption 
compared with Cuprophan

Material
Protein Adsorption (pg/cm2) 

Mean ± S.D. (N=9)*

Albumin Fibrinogen

Cuprophan 0.101 ±0.004 0.013 ± 0.002

Hemophan 0.077 ± 0.005 0.019 ± 0.004

* N: Number of values

It is generally considered that surfaces with less fibrinogen adsorption or 

more albumin adsorption are beneficial to platelets (Brash 1991). In order to 

compare protein adsorption between albumin and fibrinogen, with the same 

method used in Chapter 5, the data of the amount of protein adsorption on
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Figure 6.4 Alteration of C3a concentration levels at different time 

following blood contact with Hemophan compared with 

Cuprophan and polystyrene (PS)
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Hemophan are normalised by regarding the amount .
, , j , P^^in adsorption on

Cuprophan as one hundred percent. The nnrmor j
11113 lsed data as well as the ratio 

of albumin adsorption to fibrinogen ad«nmt^gen adsorption are listed in Table 6 2

Table 6.2 Normal^ data of protein adsotption 
____________ 011 Hemophan (relevant to

Material
__  Protein Adsorption ( % )

Albumin Fibrinogen Ratio
Cuprophan 100 100 1.0
Hemophan ___  76 146 0.5

From Table 6.2, it can be seen that Hemophan reduces albumin adsorption 

by about 25% and increases fibrinogen adsorption by about 45% when 

compared with Cuprophan. The ratio of albumin adsorption to fibrinogen 

adsorption is less for Hem ophan in comparison to Cuprophan. This result 

could mean that fibrinogen is preferentially adsorbed by Hemophan, relevant 

to Cuprophan. This observation is in agreement with the fact that some types 

of Hemophan have been reported to induce higher platelet activity than 

Cuprophan (Robertson 1988).

6.3.1.2 Complement Activation

The influence of Hemophan on complement activation, as represented by 

C3a concentration levels at different time following blood-membrane contact, 

are shown in Table 6.3 and Figure 6.4, compared with Cuprophan and 

polystyrene (PS).

Statistical analysis reveals that C3a concentration levels are significantly 

increased by Hem ophan after 6 min incubation, when compared with the Coa 

concentration level prior to blood-membrane contact. Compared with the 

control polymer polystyrene, Hemophan induces significantly more C3a 

concentration levels at any time incubation. Compared with Cuprophan, 

Hemophan induces significantly lower C3a concentration levels after 6 mm
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Table 6.3 C3a concentration levek .
with Cuprophan and polystyrene (PsT Hem°phan

Material

Concentratk^MZ^

-----  Incubation Time (min)

Pre 3 min 6 min 9 min 12 min
PS 98 115 156 312 409(n=5) ± 35 ± 42 ± 64 ± 189 ± 211

Cuprophan 139 534 896 1196 2225(n=10) ± 38 ± 155 ± 126 ± 162 ± 315
Hemophan 208 284 530 722 1406

(n=4) ± 63 ± 61 ± 148 ± 239 ± 297

incubation. These results indicate that Hemophan can induce less complement 

activation in comparison to Cuprophan. This observation is in agreement with 

the previous reports that cellulose chemical modification by partial replacement 

of hydroxyl groups reduces complement activation (Chapter 3).

As indicated in Chapter 3, Cuprophan inducing complement activation is 

initiated by covalent attachment of C3b to hydroxyl groups on the surface. 

Hemophan has less hydroxyl groups than Cuprophan, since hydroxyl groups are 

partially replaced by DEAE groups. Therefore, Hemophan induces lower 

complement activation than Cuprophan. The fact of Hemophan inhibiting 

complement activation can be alternatively explained by that of Hemophan 

augmenting factor H interaction. In the alternative pathway of complement, 

factor H is an inhibitor of C3 activation, while factor B is an activator of C3 

activation, which has been fully described in Chapter 2. The surface 

preferentially binding factor H than factor B induces lower C3a generation. 

Evidence of Hemophan augmenting factor H binding has been observed 

(Johnson 1989).
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Figure 63 Alteration of FXH-like activity (FXHA) levels at different time 

following blood contact with Hemophan compared with 

Cuprophan, polystyrene (PS) and polyamide (NR)
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6.3.1.3 Contact Phase Activation

The influence of Hemophan on the contact 
e contact phase activation, represented bv 

the FXII-like activity (FXIIA) levels at different tim? f n
v ■ t Ri A a J T- me foUowmg blood contact,

is sh0Wn m Table 6.4 and F.gure 6.5, compared with Cuprophan. polys[yrene 

(PS) and polyamide (NR).

Statistical analysts reveals that FXIIA levels obumed with Hentophan 

Cuprophan and polystyrene before 9 mm shw no

difference, when compared with FXHA levels prior to blood-tnetnbrane contact. 

At t=12 mm, all polymers induce significantly more FXIIA levels when 

compared with FXIIA levels prior to contact with blood. These results have 

a similar pattern to those obtained with PUU hydrogels. As no anticoagulant 

was used, this rise must be partially associated with thrombin formation 

(Chapter 5).

Table 6.4 FXII-like Activity (FXHA) levels obtained with 
Hem ophan compared with Cuprophan, polystyrene (PS) 
and polyamide (NR)

Material

Absorbance (405 run) 
Mean ± S.D.

Incubation Time (min)

Pre 3 6 9 12

PS 
(n=3)

0.060
± 0.010

0.068
± 0.013

0.072
± 0.008

0.084
± 0.011

0.104
± 0.010

Cuprophan 
(n=9)

0.058
± 0.015

0.069
± 0.021

0.072
± 0.022

0.099
± 0.040

0.177
± 0.061

Hemophan 
(n=4)

0.063
± 0.020

0.068
± 0.014

0.078
± 0.014

0.093
± 0.011

0.204
± 0.078

NR
(n=3)

0.064
± 0.011

0.094
± 0.007

0.157
± 0.010

0.218
± 0.017

0.275
± 0.011

FXHA levels obtained with NR polyamide are significantly greater than all 

other polymers after 6 min incubation. Compared with polystyrene (PS) and
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Cuprophan Ezd Cup-treated V// Hep-Cup

Figure 6.6 Protein adsorption influenced by Cuprophan heparinization 

compared with Cuprophan
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Cuprophan. Hemophau mduces no

9 min incubation. At t=l 2 min, Hemophan indu levels before
level than polystyrene and no significantly diffe SlgniflCantly more ^A

These results revealed that contact phase sy^ C"“' 

after blood contact with a negatively charged surface TT'" 

Hemophan. contact phase system is not activated to and
thrombin formation. Hemophan. while reducing c " 7'“^“'

6.3.2 Heparinized-Cuprophan
6.3.2.1 Protein Adsorption

The influence of Cuprophan heparinization on albumin and fibrinogen single 

protein adsorption is shown in Table 6.5 and Figure 6.6, in comparison to that 

obtained with Cuprophan.

Statistical analysis of variance reveals that the hepannized-Cuprophan (Hep- 

Cup) induces significantly less albumin adsorption and more fibrinogen 

adsorption, when compared with Cuprophan. Treated-Cuprophan significantly 

increases both albumin and fibrinogen adsorption, when compared with 

Cuprophan.

Since Cuprophan was pre-treated before the heparinization, the study of the 

protein adsorption influenced by heparinization should compare the heparinized 

surfaces with ±e treated-Cuprophan. Compared with treated-Cuprophan, 

heparinized-Cuprophan significantly reduces both albumin and fibrinogen 

adsorption. These results indicate that protein adsorption is influenced not only 

by the heparin immobilised on membrane but also by the modification 

procedure. This observation is agreement with a previous observation (Sanada 

et al 1986), in which protein adsorption (albumin, fibrinogen and gamma­

globulin) was found to be less on heparinized polymer 

(polyaminoetherurethane) than the pre-treated-polymer, and more on the pre- 

treated-polymer than the untreated polymer.
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* N: Number of values

Material
Protem Adsorption (pg/cm2) 

Mean ± S.D (N=9)*

Albumin Fibrinogen
Cuprophan 0-101 ± 0.004 0.013 ± 0.002
Cup-treated 0-114 ± 0.003 0.020 ± 0.003
Hep-Cup 0.061 ± 0.010 0.016 ± 0.001

In order to compare protein adsorption between albumin and fibrinogen, 

with the same method previously used, the data of the amount of protein 

adsorption on hepannized-Cuprophan and treated-Cuprophan are normalised by 

regarding the amount of protein adsorption on Cuprophan as one hundred 

percent. The normalised data as well as the ratio of albumin adsorption to 

fibrinogen adsorption are listed in Table 6.6.

on heparinized-Cuprophan and treated- 
Cuprophan (relevant to Cuprophan)

Table 6.6 Normalised data of protein adsorption

Material
Protein Adsorption ( % )

Albumin Fibrinogen Ratio

Cuprophan 100 100 1.0 __

Cup-treated 113 154 0.7

Hep-Cup 60 131 0.5

From Table 6.6, it can be seen that heparinized-Cuprophan reduces albumin 

adsorption by about 40% and increases fibrinogen adsorption by about 30% 

when compared with untreated-Cuprophan. Treated-Cuprophan increases 

albumin adsorption by about 13% and fibrinogen adsorption by about 55%
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Cuprophan Hep-Cup

Figure 6.7 Alteration of C3a concentration levels at different time 

following blood contact with heparinized-Cuprophan compared 

with Cuprophan and polystyrene (PS)
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when compared with Cuprophan Tho 
the ratio of alhnm-

fibrinogen adsorption is less for henarini^ n * adSOrption t0

by heparinized Cuprophan, relevant to Cupro h U PreferenUaUy adsorbed 

r- r- as not been reported, the
significance of the protein adsorption on the .Tt , , , hePan^- Cuprophan studied
1S uncertain. It has been known that heoarin in w

. p m ln bl°od can induce platelet
reiease and aggregate, since thrombocytopenia comphcanons may occur in 

patients recetvmg heparm therapy (Blockmans et al 1986; Godal 1989) 

However, mvestigauons on the effect of immobiUzed heparin on plants are 

controversial. Suppressed (Lagergren et al 1974; Larsson et al 1979; Larm et 

al 1983; Han et al 1989) as well as enhanced (Lindon et al 1978; Plate and 

Valuev 1983; Llanos and Sefton 1992) platelet deposition on heparinized 

surfaces has been measured. It should be indicated that differential protein 

adsorption of albumin and fibrinogen adsorption is only one of factors 

influencing platelet reaction. Another important factor influencing platelet 

reaction by hepannized material to be considered is thrombin, since thrombin 

is a strong activator of platelet reaction. Thrombin formation inhibited by 

polymer heparinization has been observed (Goosen and Sefton 1982; Hennink 

et al 1984, Pasche et al 1986; Amander et al 1986). The heparinized- 

Cuprophan, studied in this project, has shown to increase blood recalcification 

times when compared with Cuprophan (Engbers 1990).

6.3.1.2 Complement Activation

The influence of heparinized-Cuprophan on complement activation, as 

represented by C3a concentration levels at different time intervals following 

blood-membrane contact, is shown in Table 6.7 and Figure 6.7, compared with 

Cuprophan and polystyrene (PS).

Statistical analysis reveals that C3a concentration levels are significantly 

increased by heparinized-Cuprophan after 6 min incubation, when compared 

with the C3a concentration level prior to blood-membrane contact. Compared
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* Hep-Cup: Heparinized-Cuprophan

Tab‘e6'7 cL:“0”?^ ^parinized-
Cuprophancompared with Cuprophan and polystyrene (PS)

Material

C3a desArg Concentration Mean ± SD (ng/ml) 

________ Incubation Time (min)

Pre 3 min 6 min 9 min 12 min
PS 

(n=5)
98

± 35
115

± 42
156

± 64
312

± 189
409

± 211
Cuprophan 

(n=10)
139 

± 38
534

± 155
896

± 126
1196

± 162
2225

± 315
Hep-Cup * 

(n=3) 
------- - ----------- -

137
± 12

356 
± 99

630
± 162

810
± 95

1417
± 80

with control polymer polystyrene, heparinized-Cuprophan induces significantly 

more C3a concentration levels at any time incubation. Compared with 

Cuprophan, heparinized-Cuprophan induces significantly lower C3a 

concentration levels after 6 min incubation. These results indicate that 

heparinized-Cuprophan can induce less complement activation in comparison 

to Cuprophan. This observation is in agreement with the previous report that 

the heparin-coated surface for extracorporeal circulation can induce less 

complement action than non-coated surfaces (Mottaghy et al 1991).

The reduction of complement activation by Heparinized-Cuprophan can not 

be explained by less activation sites of hydroxyl groups due to hepann contains 

hydroxyl groups. Since heparin is a negatively charged polysaccharide, the 

heparinization of Cuprophan produces a membrane with negative charge. 

Reduction of complement activation by the heparinized-Cuprophan may be 

explained by the adsorption of cationic anaphylatoxin C3a through ionic 

interaction (Johnson et al 1990). An alternative explanation for the reduction 

of complement activation by the hepannized-Cuprophan may arise from an 

mcrease in factor H binding on the hepannized-Cuprophan. The evidence of
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Figure 6.8 Alteration of FXH-like artivm, zt^yttax 1 1 ,.rri ah uxe activity (rXILA) levels at different time 
following blood contact with heparinized-Cuprophan compared 

With Cuprophan. polystyrene (PS) and polyamide (NR)
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negatively charged surfaces, such as heparinized-zyntosan heparimzed. 

Sepharose (Kazatchkme et al 1979), carboxymethyl-Sephadex (Carreno et al 

1989), Cuprophan modified with maletc anhydride (Johnson et al 1990) 

adsorbing cauomc C3a anaphylatoxin and augmenting factor H binding has 

been reported.

6.3.2.3 Contact Phase Activation

The influence of heparinized-Cuprophan on the contact phase activation, as 

represented by the FXII-like activity (FXUA) levels at different time following 

blood-membrane contact, is shown in Table 6.8 and Figure 6.8, compared with 

Cuprophan, polystyrene (PS) and polyamide (NR).

Statistical analysis reveals that FXHA levels obtained with heparinized- 

Cuprophan before 9 min incubation show no significant difference, when 

compared with FXHA level prior to blood-membrane contact. At t=12 min, 

heparinized-Cuprophan induces significantly higher FXI1A level when 

compared with FXUA level prior to contact with blood. These results have 

similar pattern to these obtained with PUU hydrogels, Cuprophan, Hemophan.

FXHA levels obtained with NR polyamide are significantly greater (P<0.05) 

than all other polymers after 6 min incubation. Compared with polystyrene 

(PS) and Cuprophan, heparinized-Cuprophan induces no significant (P>0.05) 

difference in FXHA levels at any incubation time. These results revealed that 

heparinized-Cuprophan, while reducing complement activation, has little 

influence on contact phase system in comparison to Cuprophan.
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* Hep-Cup: heparinized-Cuprophan

Table 6.4 FXII-like Activity (FXIIA) obtained with heparinized- 
uprophan compared with Cuprophan, polystyrene (PS) and 

polyamide (NR) }

Material

Absorbance (405 nm) 
Mean ± S.D.

__________ Incubation Time (min)

Pre 3 6 9 12
PS 

(n=3)
0.060

± 0.010
0.068

± 0.013
0.072

± 0.008
0.084

± 0.011
0.104

± 0.010

Cuprophan 
(n=9)

0.058
± 0.015

0.069
± 0.021

0.072
± 0.022

0.099 
±0.040

0.177
± 0.061

Hep-Cup * 
(n=3)

0.050
± 0.011

0.072
± 0.020

0.076
± 0.022

0.102
± 0.060

0.152
± 0.079

NR 
(n=3)

0.064
± 0.011

0.094
± 0.007

0.157
± 0.010

0.218
± 0.017

0.275
± 0.011
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64 SUMMARY

The investigation of the influence of
(Hetnophan) and Cuprophan heparinization on protein ad ' • ffl°dlfiCatl°n 

Hemophan and heparinized-Cuprophan increase fibrin rPtl0°
,, ■ , . ase flbnnogen adsorption andreduce aibunttn adsorptton, Wben compared with Cupropban. 2 p J 

adsorpoon on the heparinized-Cuprophan can be influenced by 

thehepanmzation procedure. The mvestigarion of the mfl„ence on complement 

activation and contact phase activation reveak that rion reveals that Cuprophan heparinization 
and chemical modification can ereatlv ,gr y educe complement activation but has 
little influence on contact phase activation

It is generally considered that the increase in fibrinogen adsorption and the 

decrease in albumin adsorption can increase platelet reactivity (Brash 1991). 

Therefore, the blood compatibility improvement of Cuprophan with respect to 

complement activation, achieved by hydroxyl substitution, may be offset by the 

increase of platelet reactivity. As the previous indication (Courtney et al 

1993a), polymer surface modification involves a balance between achieving 

better performance in one parameter and altering the performance of other 

parameters.

86



CHAPTER 7

BIOMEMBRANE-MIMETIC POLYMERS



7.1 INTRODUCTION

The introduction of phosphorylcholine to a polymer represents a novel 

approach towards the development of biomaterials with improved blood 

compatibility (Chapter 3). To examine the influence of phosphorylcholine 

groups on the blood compatibility improvement, two approaches were studied:

(a) copolymer of butyl methacrylate and 2-methacryloyloxyethyl 

phosphorylcholine (MPC), poly(BMA-co-MPC), was compared 

with poly(butyl methacrylate) (PBMA)

(b) MPC grafted Cuprophan was compared with Cuprophan

The influence of phosphorylcholine groups on protein adsorption (albumin 

or fibrinogen), complement activation as represented by the measurement of 

C3a concentration levels and contact phase activation as represented by the 

measurement of FXH-like activity (FXHA) levels were studied, using the 

methods previously described (Chapter 4).

The results from these studies are presented in this chapter, which has been 

divided into following sections:

(a) Section 7.2, Materials

(b) Section 7.3, Results and discussion

7.3.1 Copolymer of poly(BMA-c.o-MPC)

7.3.1.1 protein adsorption

7.3.1.2 complement activation

7.3.1.3 contact phase activation

7.3.2 MPC grafted Cuprophan

7.3.2.1 protein adsorption

7.3.2.2 complement activation

7.3.2.3 contact phase activation

(c) Section 7.4, Summary
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7.2 MATERIALS

The polymers containing phosphorylcholine groups were supplied by 

Professor N. Nakabayashi and Dr. K. Ishihara, Tokyo Medical and Dental 

University, Japan, under a collaborative programme.

7.2.1 Preparation of MPC Compound

The synthetic route and structure of MPC (compound 4) are shown in Figure 

7.1. 2-chloro-2-oxo-l,3,2-dioxaphospholane (COP) (compound 1) was 

synthesized by the condensation reaction between glycol and PC13 and then 

oxidation. COP was condensed with hydroxyethyl methacrylate (HEMA) 

(compound 2) in tetrahydrofuran (THF) solvent to obtain 2-(2-oxo-1,3,2- 

dioxaphospholoyloxy)ethyl methacrylate (OPEMA) (compound 3). OPEMA 

was converted to MPC by opening the ester moiety with trimethylamine in 

acetonitrile solvent. ‘H NMR and 13C NMR spectra confirmed the structure of 

MPC (Ishihara et al 1990).

pci3/ch2ci2 /O-ch2 O2/c6h6 u
ho(ch2)2oh ------------ »ci-px I ------------- *ci-p:

XO-CH2

zo-ch2
^o-ch2

(1)

CH3 (C2H5)3N/THF CH3 ii.O-CH2
H2c=C-C0(CH2)20H -----------------^H2C = C-C-0(CH2)20Px0_Ch2

(2) (3)

cm3 II * .(CH3)3N/CH3CN H2C = ¿_c-O(CH2)2O-P-OCH2CH2N(CH3)3

Ó O"

(4)

Figure 7.1 Synthetic route
and structure of MPC (compound 4)
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7.2.2 Preparation of Poly(BMA-co-MPC)
Poly(BMA-co-MPC) was copolymerized from the monomers BMA and 

MFC in ethanol at 60»C using 2,2’-azoisobutyronitrile as the initiator. The 

structure of the poly(BMA-co-MPC) is shown in Figure 7.2, which was 

confirmed by IR and 'H NMR spectra (Ishihara et al 1990).

Poly(BMA-co-MPC) membrane was prepared by a solvent evaporation 

method from a tetrahydrofuran solution on a polyethylene plate. The MPC 

composition on the surface was determined with an X-ray photoelectron 

spectroscope (XPS) and was calculated from the average ratio of phosphorus 

atoms against carbon atoms (P/C) (Ishihara 1990). The poly(BMA) and 

poly(BMA-co-MPC) membranes with 0.20 mole fraction and 0.30 mole 

fraction of MPC were studied in this project.

chqI J 
e ch2—c-^

Ch3

o cooc 4h9

COOCH 2CH2OPOCH2CH2N(CH3)3 

O"

Figure 7.2 Chemical structure of copolymer of butyl methacrylate with MPC 

[ poly (BMA-co-MPC) ]
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7.2.3 Preparation of MPC grafted Cuprophan

The standard haemodialysis membrane, Cuprophan 150 PM (Akzo 

Germany), was used to graft MPC. MPC grafting on Cuprophan was initiated 

by cerium ammonium nitrate (Ceu). Ce4* ions attacked the oxygen atoms to 

form radicals on them, then grafting reaction was initiated by the radicals, 

since MPC is vinyl monomer. Figure 7.3 illustrates the mechanism for the 

formation of radicals which can initiate the graft polymerization of the vinyl 

monomer on to Cuprophan by cerium ions.

The MPC grafted on Cuprophan membrane was confirmed by XPS and 

(FT-LR) (Fourier transform infrared) spectroscopy (Ishihara and Nakabayashi 

1992). The MPC composition on the Cuprophan surface was calculated from 

the average ratio of phosphorus atoms against carbon atoms (P/C). Cuprophan 

grafted MPC with 0.20 mole fraction and 0.30 mole fraction were studied in 

this project.

Figure 7.3 Cuprophan grafted with MPC (Cuprophan-MPC)
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Figure 7.4 Protein adsorption on PBMA and poly(BMA-co-MPC) polymers
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TA RESULTS AND DISCUSSION

7.4.1 Copolymer poiy(BMA-co-MPC)

7.4.1.1 Protein Adsorption

The influence of copolymer polyfBMA-co-MPC) on fibnuogen and albumin 

single protem adsorption is shown in Table 7.1 and Figure 7.4, compared with 

PBMA.

Staustical analysis reveals that poly(BMA-co-MPC) copolymers 

significantly reduce both albumin and fibrinogen adsorption when compared 

with PBMA. Compared with poly(BMA-co-MPC) with 0.30 mole fraction of 

MPC, poly(BMA-co-MPC) with 0.20 mole fraction of MPC induces 

significantly lower albumin and fibrinogen adsorption. Increasing the 

concentration of fibrinogen solution, the difference in fibrinogen adsorption 

between poly(BMA-co-MPC) copolymers is clearly seen (Table 7.2 and Figure 

7.5).

Table 7.1 Protein adsorption on poly(BMA-co-MPC) copolymers 
compared with PBMA

Polymer
Protein Adsorption (pg/cm2) 

Mean ± S.D. (N=6) *

Albumin Fibrinogen

PBMA 0.297 ± 0.001 0.115 ± 0.011

P(BMA-MPC)* 0.20 0.160 ± 0.002 0.013 ± 0.001
-------------------- ———-
P(BMA-MPC) 0.30 0.207 ± 0.004 0.015 ±0.001

N: Number of values
P(BMA-MPC): poly(BMA-co-MPC)

The observation of poly(BMA-co-MPC) copolymers markedly reducing 

protein adsorption is in agreement with the previous indication that 

phosphorylcholine-contained polymer can reduce protem adsorption (Ishihara 

et al 1991; 1992; Chapman and Charles 1992). The reduction of protein 

adsorption by phosphoiylcholine-contamed polymer may be associated to the
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Table 7.2 Fibrinogen adsorption on PBMA and poly(BMA-co-MPC) 
copolymers with increasing fibrinogen solution 
concentration (pg/cnr) Mean ± S.D. (N=6) *

Polymer Fibrinogen Solution Concentration (pg/ml)

1.6 3.2

PBMA 0.115 ±0.011 0.146 ± 0.004

P(BMA-MPC)* 0.20 0.013 ± 0.001 0.027 ± 0.003

P(BMA-MPC) 0.30 0.015 ± 0.001 0.041 ± 0.006

* N: Number of values
P(BMA-MPC): poly(BMA-co-MPC)

Fibrinogen solution concentration
PBMA P(BMA-MPC) 0.20 P(BMA-MPC) 0.30

Figure 7.5 Fibrinogen adsorption on PBMA and poly(BMA-co-MPC) 

polymers with increasing fibrinogen solution concentration
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5<zin

PBMA

MPG distribution

0.127 0.186 0.260

Figure 7.6 SEM picture of poly(BMA-co-MPC) coated beads after 

contacting citrated platelet-rich plasma for 20 min.



41 ' u uyuiopnitic pre
The observation of the poly(BMA-co-MPC) with

more protein adsorption is contrary to the 

1991).

more MPC content inducing
Previous indication (Ishihara et al

In order to compare protein adsorption between fibrinogen and albumm the 

data of the amount of protein adsorption on polymers are nomtalised by 

regarding the amount of protein adsorption on PBMA as one hundred percent. 

The normalised data as well as the ratio of albumin adsorption to fibrinogen 

adsorption are listed in Table 7.3. Relevant to the PBMA, a higher ratio of 

albumm adsorption to fibrinogen adsorption means that albumin is 

preferentially adsorbed on the polymer surface.

Table 7.3 Normalised data of protein adsorption on poly(BMA-co-MPC) 
copolymers (relevant to PBMA)

Polymer
Protein adsorption on polymer surface (%)

Albumin Fibrinogen Ratio

PBMA 100 100 1.0

P(BMA-MPC)* 0.20 54 11 4.9

P(BMA-MPC) 0.30 70 13 5.4

*: P(BMA-MPC): poly(BMA-co-MPC)

From Table 7.3, the marked reduction in protein adsorption by poly(BMA- 

co-MPC) copolymers can be clearly seen. Compared with PBMA, higher ratio 

of albumin adsorption to fibrinogen adsorption is achieved with poly(BMA-co- 

MPC) copolymers and the ratio increases with increasing phosphorylcholine 

moiety content. This could mean albumin in comparison to fibrinogen is 

preferentially adsorbed on poly(BMA-co-MPC) copolymers even the adsorption 

of both proteins is reduced. This observation of the poly(BMA-co-MPC) 

copolymers preferentially adsorbing albumin than fibrinogen is in agreement 

with the evidence on the suppression of platelet adhesion with increasmg MPC 

composition (Ishihara et al 1990; Xi et al 1992). Figure 7.6 shows SEM
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pictures of platelets adhering to beads coated with poly(BMA-co-MPC) after 

20 min of contact with citrated PRP (Ishihara et al 1990).

7.4.1.2 Complement Activation

The influence of poly(BMA-co-MPC) copolymers on complement 

activation, represented by C3a concentration levels at different time following 

blood contact, is shown in Table 7.4 and Figure 7.7, compared with PBMA , 

polystyrene (PS) and Cuprophan.

Statistical analysis reveals that poly(BMA-co-MPC) copolymers induce 

significantly more C3a concentration levels at the end of incubation time when 

compared with the C3a concentration levels prior to blood-polymer contact, 

and PBMA induces significantly more C3a concentration levels after 6 min 

incubation time when compared with the C3a concentration level prior to 

blood-polymer contact. Compared with control polymer polystyrene, 

poly(BMA-co-MPC) copolymers do not induce significantly (P<0.05) more 

C3a concentration levels until at t=12 min. Compared with Cuprophan, 

poly(BMA-co-MPC) copolymers induce significantly less C3a concentration 

levels at any time incubation. Less complement activation achieved by 

poly(BMA-co-MPC) copolymers in comparison to Cuprophan is associated 

with the fact that no hydroxyl groups exist on poly(BMA-co-MPC) 

copolymers.

Compared with PBMA, poly(BMA-co-MPC) copolymers induce less C3a 

concentration levels but not significantly different before 9 min incubation. At 

t=12 min, poly(BMA-co-MPC) with 0.20 mole fraction induces significantly 

less C3a concentration levels when compared with PBMA, and poly(BMA-co- 

MPC) with 0.30 mole fraction does not induce significantly less C3a 

concentration levels when compared with PBMA. These results indicate that 

poly(BMA-co-MPC) with less MPC content induces less C3a concentration 

levels, even the C3a concentration levels are not significantly different between 

the two poly(BMA-co-MPC) copolymers, which may result from insufficient 

donors. The observation of poly(BMA-co-MPC) copolymers inducing lower
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Table 7.4 C3a Concentration levels obtained with polyiBMA-co-MPC) 
compared with PBMA . nolvst™^ 'pqa ____ J J

Material

----  , v auu vupiopnan

C3a DesArg Concentration (ng/ml) Mean ± S D

_________ Incubation Time (min)

Pre 3 6 9 12
PS 98 115 156 312 409

(n=5)__________ ±35 ±42 ± 64 ±189 ±211
Cuprophan 139 534 896 1196 2225
(n=10) ±38 ±155 ±126 ±162 ±315

PBMA 142 211 325 578 1174
(n=3) ±58 ±38 ±112 ±96 ±129

Poly(BMA-co-MPC) 142 188 230 411 713
0.20 (n=3) ±58 ±39 ±75 ±199 ±183

Poly(BMA-co-MPC) 142 175 266 544 892
0.30 (n=3) ±58 ±28 ±66 ±170 ±175

complement activation than PBMA may be associated with less protein 

adsorption achieved with the poly(BMA-co-MPC) copolymers. The evidence 

of poly(BMA-co-MPC) copolymers adsorbing less complement protein (C5) 

than that of PBMA has been reported (Ishihara et al 1991). The observation 

of poly(BMA-co-MPC) with less MPC content inducing less complement 

activation corresponds the results of protein adsoption (Section 7.4.1.1). The 

reason for this observation is uncertain.
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Absorbance (405)

----- PS — P9MA P(BMA-MPC).2 P(BMA-MPC).3 NR

figure 7.8 FXII-like activity levels obtained with poly(BMA-co-MPC)

copolymers compared with polystyrene (PS), PBMA and

polyamide (NR)
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7.3.1 -3 Contact Phase Activation

The influence of poly(BMA-co-MPC) copolymers on contact phase 

activation, represented by the measurement of FXfl-like activity (FXAA) levels 

following blood-polymer contact, is shown in Table 7.7 and Figure 7.8 

compared with PBMA, polystyrene (PS) and polyamide (NR).

Statistical analysis reveals that poly(BMA-co-MPC) copolymers and PBMA 

induce significantly more FXHA levels after 9 min incubation time when 

compared with FXIIA levels pnor to blood-polymer contact. Compared with 

polystyrene, poly(BMA-co-MPC) copolymers and PBMA induce significantly 

more FXHA levels after 9 min incubation time. Compared with polyamide. 

poly(BMA-co-MPC) copolymers and PBMA induce significantly less FXIIA 

levels after 6 min incubation time. Between poly(BMA-co-MPC) copolymers 

and PBMA, FXUA levels are not significantly different at any time incubation. 

These results indicate that poly(BMA-co-MPC) copolymers markedly reducing 

protein adsorption has little influence on contact phase activation.

Table 7.5 FXII-like activity (FXIIA) obtained with poly(BMA-co-MPC) 
copymers compared with PBMA, polystyrene (PS) and 
polyamide (NR)

Material

Absorbance (405 nm) Mean ± S.D. ( n=3 )
---------------------------------------------------------------------.—--------

Incubation Time (min)

Pre 3 6 9 12

PS 0.060
±0.010

0.068
±0.013

0.072
±0.008

0.084
±0.011

0.104
±0.010

PBMA 0.064
±0.011

0.075
±0.025

0.074
±0.030

0.148
±0.031

0.209
±0.049

Poly(BMA-co-MPC) 
0.20

0.064
±0.011

0.084
±0.030

0.069
±0.014

0.146
±0.016

0.152
±0.035

Poly(BMA-co-MPC) 
0.30

0.064
±0.011

0.087
±0.019

0.089
±0.012

0.129
±0.011

0.175
±0.053

NR 0.064
±0.011

0.094
±0.007

0.157
±0.010

0.218
±0.017

0.275
±0.011
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Figure 7.9 Protein adsorption on Cuprophan and MPC-grafted Cuprophan
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7.3.2 MPC grafted Cuprophan
7.3.2.1 Protein adsorption

The measurement of protein adsorption on MPC grafted Cuprophan was 

performed with the modified 6 well incubation test cell in order to provide a 

appropriate response. The methodology of protein adsorption measurement 

with the modified 6 well incubation test cell was similar to that with the 

modified 24 well incubation test cell but 1.5 ml of fibrinogen solution were 

added into each well.

The influence of MPC grafted Cuprophan on albumin and fibrinogen single 

protein adsorption, is shown in Table 7.6 and Figure 7.9, compared with 

Cuprophan.

Table 7.6 Protein Adsorption on MPC grafted Cuprophan 
compared with Cuprophan

Polymer

Protein adsorption on polymer (pg/cm2) 
Mean ± S.D. (N=6) *

Albumin Fibrinogen

Cuprophan 0.458 ± 0.006 0.044 ± 0.001

Cup-MPC 0.20 * 0.267 ± 0.001 0.027 ± 0.002

Cup-MPC 0.30 0.243 ± 0.017 0.024 ± 0.004

* N: Number of values; Cup-MPC: MPC grafted Cuprophan

Statistical analysis reveals that MPC grafted Cuprophan significantly reduce 

both albumin and fibrinogen adsorption when compared with Cuprophan. 

These results are in agreement with poly(BMA-co-MPC) copolymers reducing 

protein adsorption (Section 7.4.1.1). Comparing MPC grafted Cuprophan with 

different MPC contents, less adsorption of both albumin and fibrinogen is 

achieved on MPC grafted Cuprophan with more MPC content.

In order to compare protein adsorption between fibrinogen and albumin, the 

data of the amount of protein adsorption on MPC grafted Cuprophan are
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Figure 7.10 SEM pictures of Cuprophan and MPC-grafted Cuprophan after 

contact with platelet-rich plasma for: a, 30 min; and b, 180 min 



normalised by regarding the amount of protem ^sorption on Cuprophan as one 

hundred percent. The normalised data as well as the ratio of albumin 

adsorption to fibrinogen adsorption are listed in Table 7.7

Table 7.7 Normalised data of protein adsorption on MPC grafted 
Cuprophan (relevant to Cuprophan)

--------

Polymer
_____ Protein adsorption on polymer (%)

Albumin Fibrinogen Ratio
Cuprophan 100 100 1.0
Cup-MPC 0.20 58 61 - 1.0
Cup-MPC 0.30 ___ 53 54 * 1.0

From Table 7.7, the marked reduction of both albumin and fibrinogen 

adsorption of MPC grafted Cuprophan can be clearly seen. The ratio of 

albumin adsorption to fibrinogen adsorption for MPC grafted Cuprophan 

grafted MPC is the same as that for Cuprophan. On the basis that adsorbed 

albumin decreases and adsorbed fibrinogen increases platelet adhesion (Brash 

1991), this observation could not explain the evidence that MPC grafted 

Cuprophan suppresses platelet adhesion (Ishihara et al 1992b). Figure 7.10 

shows SEM pictures of platelets adhering to MPC grafted Cuprophan after 

contact with PRP (Ishihara et al 1992b). On the basis that natural endothelium 

does not adsorb proteins under physiological condition (Bruck 1980) and is 

compatible with blood, lower protein adsorption induced by MPC grafted 

Cuprophan can achieve lower platelet adhesion than Cuprophan. The evidence 

of hydrogels inducing lower protein adsorption and suppressing platelet activity 

has been reported (Hoffman 1975).

7.3.2.2 Complement Activation
The influence of MPC grafted Cuprophan on complement activation, 

represented by the C3a concentration levels following blood-membrane contact.
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Figure 7.11 C3a concentration levels obtained with MPC-grafted Cuprophan 

compared with polystyrene (PS) and Cuprophan
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is shown in Table 7.8 and Figure 7.11, compared with Cuprophan and 

polystyrene.

Table 7.8 C3a concentration levels obtained with MPC grafted 
Cuprophan (Cup-MPC) compared with Cuprophan and 

______ polystyrene (PS)

Material

C3a des Arg Concentration Mean ± SD (ng/ml)

Incubation Time (min)

Pre 3 6 9 12

PS 
n=5

98
±35

115 
± 42

156 
± 64

312
± 189

409
± 211

Cuprophan 
n=10

139
± 38

534
± 155

896
± 126

1196
± 162

2225
± 315

Cup-MPC 0.20 
n=4

210 
±59

290
± 59

448
± 146

658
± 255

1218
± 341

Cup-MPC 0.30 
n=4

210 
±59

231
± 25

339
± 19

543
± 125

1014
± 181

Statistical analysis reveals that C3a concentration levels are significantly 

increased by MPC grafted Cuprophan after 6 min incubation, when compared 

with the C3a concentration levels prior to blood-membrane contact. Compared 

with control polymer polystyrene, MPC grafted Cuprophan induce significantly 

more C3a concentration levels at any time incubation. Compared with 

Cuprophan, MPC grafted Cuprophan induces significantly (P<0.05) lower C3a 

concentration levels at any incubation time, and C3a concentration levels are 

not significantly different between MPC grafted Cuprophan with different MPC 

content. These results indicate that MPC grafted Cuprophan can induce less 

complement activation in comparison to Cuprophan.
As indicated in Chapter 3, Cuprophan inducing complement activation is 

initiated by covalent attachment of C3b to hydroxyl groups on the surface. 

MPC grafted Cuprophan has less hydroxyl groups than Cuprophan, since 

hydroxyl groups are partially replaced by MPC. Therefore, MPC grafted
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PS ~~ Cuprophan Cup-MPC 0.2 ~9~ Cup-MPC 0.3
NR

Figure 7.12 FXH-like activity (FXHA) obtained with MPC-grafted 

Cuprophan compared with polystyrene (PS), Cuprophan and 

polyamide (NR)
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Cuprophan mduces lower complement activation Cuprophan An 

alternative explamadon may anse from that MPC-grafted Cuprophan reduce 

less complement protein adsorption, since the evidence of phosphorylcholine 

contained polymers reduce complement protein adsorption has been reported 

(Ishihara et al 1991).

7.3.2.3 Contact Phase Activation

The influence of MPC-grafted Cuprophan on contact phase activation, 

represented by the FXIMike activity (FXIIA) Mowing blood-membrane 

contact, is shown in Table 7.9 and Figure 7.12, compared with Cuprophan, 

polystyrene (PS) and polyamide (NR).

Table 7.9 FXH-like Activity (FXIIA) obtained with MPC grafted 
Cuprophan (Cup-MPC) compared with Cuprophan, 
polystyrene (PS) and polyamide (NR)

Material

Absorbance (405 nm) Mean ± S.D.

Incubation Time (min)

Pre 3 6 9 12

PS 
n=3

0.060
± 0.010

0.068
± 0.013

0.072
± 0.008

0.084
± 0.011

0.104
± 0.010

Cuprophan 
n=9

0.058
± 0.015

0.069
± 0.021

0.072
± 0.022

0.099
± 0.040

0.177
± 0.061

Cup-MPC 0.20 
n=4

0.068
± 0.017

0.110
± 0.026

0.100
± 0.030

0.110
± 0.025

0.154
± 0.077

Cup-MPC 0.30 0.068
± 0.017

0.081
± 0.044

0.085
± 0.027

0.081
± 0.028

0.130
± 0.046

NR
n=3

0.064
± 0.011

0.094
± 0.007

0.157
± 0.010

0.218
± 0.017

0.275
± 0,011

Statistical analysis reveals that MPC grafted Cuprophan induce more FXIIA 

levels at the end of incubation time but no significant difference when 

compared with FXIIA levels prior to blood-membrane contact. Compared with 
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polystyrene, MPC grafted Cuprophan do not induce significantly more FXIIA 

until at t 12 mm, Compared with polyamide, MPC grafted Cuprophan induce 

significantly less FXIIA levels after 6 mm incubation tune. Compared with 

Cuprophan, MPC grafted Cuprophan induces no significantly different FXIIA 

levels at any time incubation, although the mean values of MPC grafted 

Cuprophan are much lower than that of Cuprophan at t-12 mm. These results 

indicate that the MPC grafted Cuprophan, while reducing protein adsorption 

and complement activation, has little influence on contact phase activation.

7.4 SUMMARY

The investigation of the influence of phosphorylcholine-contained polymers 

on protein adsorption has demonstrated that a marked reduction in protein 

adsorption can be achieved when phospholipid polar groups are introduced into 

polymers by copolymerization or grafting. However, higher MPC modification 

inducing higher protein adsorption was observed with Poly(BMA-MPC), but 

not with MPC grafted Cuprophan. This observation may be explained by the 

fact that MPC modification not only changed the surface composition, making 

it biomembrane-mimetic, but also altered to surface hydrophilicity and charge. 

There may exist a "critical point" for the modification approach, at which 

different surface properties are balanced to achieve the best blood 

compatibility. This "critical point" is influenced substrate polymer, parameter 

selection, parameter measurement technique.

The investigation of the influence of phosphorylcholine-contained polymers 

on the complement activation and the contact phase activation has 

demonstrated that phosphorylcholine-contained polymers can reduce the 

complement activation but have little influence on the contact phase activation.

In summary, the demonstration of protein adsorption and complement 

activation reduction, as well as little influence on contact phase system 

activation achieved with phosphorylcholine-contained polymers, supports the 

utilisation of phospholipid groups as a means of improving blood compatibility 

of biomaterials.
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CHAPTER 8

DISCUSSION AND FUTURE WORK



8.1 INTRODUCTION

The present status of artificial surfaces utilized in blood-contacting 

applications means that thrombus formation is inevitable and biomaterials 

require the administration of an antithrombotic agent. Therefore, there is a 

need for biomaterials with improved blood compatibility. However, it is 

important that attempts to improve blood compatibility do not have an adverse 

influence on the other fundamental properties of the biomaterial. In this 

respect, modification of polymeric biomaterials offers potential advantages.

In this project, different approaches to polymer modification have been 

studied. These approaches were:

1. An increase in hydrophilicity, as represented by polyurethaneurea 

hydrogels (PUU) based on poly(ethylene oxide) (PEO)

2. Chemical modification, as represented by the replacement of the 

hydroxyl groups of regenerated cellulose Cuprophan with 

diethylaminoethyl (DEAE) groups in the preparation of 

Hemophan

3. Heparinization, as represented by the covalent attachment of the 

anticoagulant heparin to Cuprophan

4. Biomembrane-mimetic surfaces, as represented by the 

copolymer of butyl methacrylate and 2-methacryloyloxyethyl 

phosphorylcholine (MPC) and MPC grafted Cuprophan

8.2 PARAMETER SELECTION
The investigation of blood-biomaterial interactions necessitates parameter 

selection, which is limited by the fact that in a given project, it may not be 

possible to study a wide range of parameters. This project focused on the 

following :

Protein adsorption

Complement activation

Contact phase activation
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8.2.1 Protein Adsorption

* this project, protein adsorption
radiolabelled albumin and fibrinogen adso tion measurement of
The advantages of this investieatinn » °1 protein solution.

W»" a.. simpUe^. A ™-

—■ - - — 

investigation could be augmented bv the ™the measurement of different proteins 
such as coagulation proteu, e.g. factor vm (vWF)

FXI1. h.gh molecular we.ght kininogen (HMWK) *

al 1991), complement proteins ep n r,P e.g. u, C5, factor B and factor H (Johnson 
1989; Johnson et al 1990; Lin et al 1992) hvci di lyyz), by the measurement of protein 
adsorption from plasma or blood (Brash 1991). An alternative techniques for 

the measurement of protein adsorption could involve the utilization of a 

radioimmunoassay and immunogold labelling with scanning electron 

microscopy (SEM) (Ziats et al 1990; 1991; Ishihara et al 1991).

8.2.2 Complement Activation

Determination of C3a concentration was used as a measurement of 

complement activation. The method employed a radioimmunoassay, which has 

been well established and widely used in vitro and clinical investigation. As 

an alternative, the determination of C5a (Enia et al 1990; Sundaram 1993) or 

terminal C5b-9 complexes (Salama et al 1987) could be utilized to measure the 

complement activation.

8.2.3 Contact Phase Activation
Contact phase activation was determined by a chromogenic substrate assay, 

which measures a factor XH-tike activity (FXHA) (Sundaram 1993) ».th the 

advantage of the enhancement of substiate specificity. Smce only enzymes of 

relevance to the coagulation cascade were inbibiied. the disadvantage of this 

assay is that the proteases splitting the subsnaK. e.g. prt-ein C and
As an alternative, the contact phase 

may influence the substrate specifi ty.
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activation could be measured with an immunoassay measuring enzyme- 

inhibitor complex (Kaplan et al 1985) or a radioimmunoassay (Nuijens et al 

1987).

The investigation of the contact phase activation influenced by polymer 

modification, covering increase hydrophilicity, chemical modification of 

cellulose, hepanzation and preparation of biomembrane-mimetic surface, 

indicates that none of modification procedures have a marked influence FXHA, 

whereas the PEO-contained PUU hydrogels and phosphorylcholine-contained 

polymers have been reported to strongly influence platelets and modified 

cellulose influence complement. If the consequence of modification is an 

altered influence on platelets or complement, there may be no difference in 

contact activation. The evidence of the administration of the antiplatelet agent 

aspirin having little influence of FXHA levels (Sundaram 1993) may be 

relevant.

8.3 TEST PROCEDURES
A critical feature in the study of blood-biomaterial interactions is the 

methods selected for achieving blood-material contact. Such methods range 

from simple to complex (Forbes and Courtney 1987). In this project, an 

incubation test cell was utilized. The original design of this test cell proved 

to be unsatisfactory because the change in shape of the material during blood­

material contact, with consequent uncertainty over the ratio of surface area to 

blood volume. The incubation test cell was modified by splitting the 

polystyrene plate, introducing a Perspex base plate with silicone rubber and 

clamping the plates after placing the test material.
In its modified form, the 24 well modified test cell proved satisfactory for 

the protein adsorption measurement of polyurethaneurea hydrogels, but the 6 

well modified test cell was necessary for the blood response measurement. A 

disadvantage of the modified incubation test cell is the unability to test brittle 

or porous materials. However, it is suitable for a wide range of materials m 

flat sheet form, particularly at an early stage of evaluation.

104



The different blood response can be measured with the 6 well modified 

incubation test cell between the modified-material and the unmodified-material, 

but the measurement of the significant difference in blood response, between 

the modified-materials, may require more donors, which has practical 

difficulties. More detailed investigation may require a test cell with controlled 

conditions of blood flow and wall shear rate and with the possibility of 

increasing the influence of the material on the blood response and ensuring that 

the response confirms to the accuracy of the measurement methodology.

8.4 INCREASE IN HYDROPHILICITY

The investigation of the influence of increase in polymer hydrophilicity on 

protein adsorption, the complement activation and contact phase activation has 

demonstrated that the PUU hydrogels based on PEO can increase albumin 

adsorption and markedly reduce fibrinogen adsorption, reduce the complement 

activation, but have little influence on the contact phase activation.

The new biomaterial with a ability to modify’ the blood response to other 

polymers has the potential advantage to promote the development of improved 

composite biomaterials. The PEO-contained PUU hydrogels studied are 

soluble in a number of organic solvents, such as methanol, ethanol, chloroform 

and dichloromethane. This solubility is an important advantage for these 

hydrogels in manufacturing composite biomaterials.

8.5 CHEMICAL MODIFICATION
The investigation of the influence of chemical modification on protein 

adsorption, the complement activation and the contact phase activation has 

demonstrated that the chemical modification of regenerated cellulose can 

reduce the complement activation and has little influence on the contact phase 

activation. Hemophan induces more fibrinogen adsorption and less albumin 

adsorption than Cuprophan, which is in agreement with platelet reactivity 

reported previously for Hemophan (Robertson 1987). A problem in studying 

Hemophan is that the degree of substitution of hydroxyl groups has not been 
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consistent. It would be advantageous to study a range of DEAE-substituted 

cellulose, also cellulose acetate or other modified cellulose (Brown 1990).

8.6 HEPARINIZATION

The investigation of the influence of polymer heparinization on protein 

adsorption, the complement activation and the contact phase activation has 

demonstrated that protein adsorption can be influenced by both the heparinized- 

surface and the modification procedure. Heparinized-Cuprophan reduces the 

complement activation and has little influence on the contact phase activation. 

An extend studies of the influence of heparinized-Cuprophan on platetlet 

activity and the inhibition of thrombin formation may be required.

An alternative procedure is the binding of low molecular weight heparin or 

hirudin on polymer surfaces.

8.7 BIOMEMBRANE-MIMETIC SURFACE

The investigation of the influence of biomembrane-mimetic surface on 

protein adsorption, the complement activation and contact phase activation has 

demonstrated that phosphorylcholine-contained polymers can markedly reduce 

protein adsorption, which is in agreement with the previous indication that 

phosphorylcholine-contained polymers reducing platelet adhesion (Ishihara et 

al 1990; 1992b). Phosphorylcholine-contained polymers can also reduce 

complement activation. The observation supports the utilisation of 

phosphorylcholine groups as a means of improving blood compatibility of 

biomaterials. However, the effect of biomembrane-mimetic surface on the 

blood response may time-dependent. Future study in the influence of 

biomembrane-mimetic surface on blood response in ex vivo may be necessary.

8.8 SUMMARY
The data generated in this thesis have confirmed the potential of polymer 

modification as a means of improving blood compatibility. The clinical benefit 

of modification is uncertain in that in the clinical situation, the biomatenal is 
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only one of the influencing factors on the blood response. Others are the 

antithrombotic agent, the blood condition and the nature of the application. 

However, the results obtained support further investigation. Such investisation 

could focus more closely on the relationship between modification and the 

different features of the blood response. Polymer modification to improve 

blood compatibility involves a balance between achieving better performance 

in one parameter and altering the performance of other parameters.

107



references

Abs°lom DR Neumann AW, Zingg W, van Oss CJ (1979) Thermodvnamic studies 
of cellular adhesion. Trans Am Soc Artif Intern Organs. 25:152-156 

^dler 5*’ GM (1981) P-thromboglobulm and platelet factor-4 levels dunng 
hemodialysis with poly(acrylonitrile). Trans Am Soc Artif Intern Organs, 4:100-102

Akizawa T, Kitaoka T, Koshikawa S, Watanable T. Imamuya K. Tsurumi T. Suma 
Y, Eiga S (1986) Development of a regenerated cellulose non complement acuvaune 
membrane for hemodialysis. Trans Soc Artif Intern Organs. 32:76-80

Akizawa T, Kino K, Koshikawa S, Ikada Y, Kishida A, Yamashita M, Imamura K 
(1989) Efficiency and biocompatibility of a polyethylene glycol grafted cellulose 
membrane during hemodialysis. Trans Am Soc Anif Intern Organs, 35:333-335

Allen JD (1988) Development of a procedure for the in vitro detemunauon of 
complement activation. PhD Thesis, University of Strathclyde. Glasgow

Altieri DC, Edgington TS (1989) Sequential receptor cascade for coagulauon 
proteins on monocytes. J Bio Chem, 264: 2969-2972

Amato M, Salvadori M, Bergesio F. Messeri A, Fihmberti E. Morfmi M (1988) 
Aspects of bioin compatibility of two different dialysis membranes: Cuprophane and 
polysulfone. Intern J Artif Organs, 11:175-180

Andrade JD, Coleman DL, Didisheim P, Hanson SR. Mason R and Merrill E 11981 
Blood materials interactios - 20 years of frustration. Trans Am Soc Artif Intern 
Organs, 27: 659-662

Andrada JD, Hlady V (1986) Protein adsorption and materials biocompatibihty: A 
tutorial review and suggested hypotheses. Adv Pol Sei. 79:1-63

Amander C, Dryjski M, Larsson R, Olsson P, Swedenborg J (1986) Thrombin uptake 
and inhibition on endothelium and surfaces with a stable hepann coating a 
comparative in vitro atudy, J Biomed Mat Res, 20:235-246

Bailey FE, Koleske JY (1976) Poly (Ethylene Oxide). Academic Press. New 'l ork

Barbucci R, Casini G, Ferruti P, Tempesti F (1985) Surface-grafted hepanmzabie 
materials. Polymer. 26:1349-1352

Barbucci R, Baszkin A, Benvenuti M. De Lourdes Costa M. Ferruti P (198 
Surface characterisation of heparin-complexmg polyiamido amine) chains grafted on 
polyurethane and glass surfaces. J Biomed Mat Res. 21:443-45/

108



Barbucci R, Magnani A, Albanese A, Temnesti F H99H ,
surface through ionic bonding of heparin, Intern J Artif OrgX

Baumgartner HR (1977) Platelet interaction with collagen fibrils in flowin, 

TJoAVhXSiT With * Wasted subendothelium

Bennett JS, Vilaire G (1979) Exposure of platelet fibnnogen receptors by ADP and 
epinephrine. J Clin Invest, 64: 1393 }

Bennen JS, Vilaire G, Burch JW (1981) A role for prostaglandins and thromboxanes 
m the exposure of platelet fibrinogen receptors. J Clin Invest, 68: 981

Betz M, Haensch G, Rauterberg E, Bommer J, Ritz E (1988) Cuprammonium 
membranes stimulate interleukin 1 release and arachidonic metabolism in monocytes 
in the absence of complement. Kidney Int, 34:67-73

Bhakdi S, Tranum JJ (1983) Membrane damage by complement. Biochem Biophys 
Acta, 737: 343-354

Blass CR, Biggs MS, Jones C, Courtney JM, Lowe GDO (1991) Blood response to 
plasticised poly(vinyl chloride). Plastics, Rubber and Composites Processing and 
Applications, 15: 221-227

Blass CR (1992) PVC as a biomedical polymer - plasticizer and stabilizer toxicity7. 
Med Device Tech, 3:32-41

Blockmans H, Bounameaux J, Vermylen J, Verstraete M (1986) Heparin induced 
thrombocytopenia, platelet aggregation studies in the presence of heparin fractions 
or semi-synthetic analogues of various molecular weights and anticoagulant activities. 
Thromb Haemostas, 55:90-93

Boffa MC, Dreyer B, Pusineri C (1984) Plasma contact activation and decrease of 
Factor V activity on negatively charged polyelectrolytes. Throm Haemostas. 51: 61- 
64

Boretos JW, Pierce WS, Baier RE, LeRoy AF, Donachy HJ (1975) Surface and bulk 
chai acteristics of a polyetherurethane for artificial hearts. J Biomed Mater Res, 9:32/

Boretos JW (1980) Past, present and future role of polyurethanes for surgical 
implants. Pure Appl Chem, 52:1951

Bosch T, Schmidt B, Spencer PC, Samtleben W, Pelger M, Baurntetster U GwM 
HJ (1987) Ex vivo biocompatibiUty evaluation of a new modified cellulos 
membrane. Artif Organs, 11:144-148

109



Bots JGF, van der Does L, Banties A noR^ c n
prostheses from blends of polvethvlene nviHa h i Smal diameter blood vessel
7'393-399 de polypropylene oxide. Biomaterials,

Bowry SK (1981) Development of in vitro blood compatibility assessment procedures 
of selected blomatenals phD

kjldüEUW

Bowry SK, Courtney JM, Prentice CRM, Douglas JT (1984) Utilization of the platlet 
m ±e bl°°d comPatibility assessment of polymers. Biomatenals,

Brash JL, Davidson VJ (1976) Adsorption on glass and polyethylene fron solutions 
of fibrinogen and albumin. Thromb Res, 9:249-259

Brash JL, Wlucher SJ (1977) Interaction of platelet with surfaces: a factorial study 
of adhesion and associated release ofserotonin. In: Kenedi RM, Courtney JM, Gaylor 
JDS, Gilchrist T (eds) Artificial organs. Macmillan, London, p293-272

Brash JL, Uniyal SJ (1979) Dependence of albumin-fibrinogen simple and 
competitive adsorption on surface properties of biomaterials. Polvm Sci, Poly Symp, 
66:377-389

Brash JL (1983) Protein adsorption and blood interaction. In: Szycher M (ed) 
Biocompatible polymers, metals, and composites. Technomic, Lancaster, 
Pennsylvania, USA, p35-52

Brash JL, Uniyal S, Pusineri C, Schmitt A (1983) Interactions of fibrinogen with 
solid surfaces of varying charge and hydrophobic-hydrophilic balance, n. Dynamic 
exchange between surface and solution moleculars. J Colloid Interface Sci, 95:28-3'

Brash JL, ten Hove P (1984) Effect of plasma dilution on adsorption of fibrinogen 
to solid surfaces. Thromb Haemostas, 51:326-330

Brash JL, Thibodeau JA (1986) Identification of proteins adsorbed from human 
plasma to glass bead columns: plasmin-induced degradation of adsorbed fibrinogen. 
J Biomed mater Res, 20:1263-1275

Brash JL (1987) The fate of fibrinogen following adsorption at the bloo-biomaterial 
interface. ANN N Y Acad Sci, 516:206-222

Brash JL (1991) Role of plasma protein adsorption in the response of blood to 
foreign surfaces, In:Sharma CP and Szycher M (eds) Blood compatible materials and 
devices. Pennsylvania, USA p3-24

Brenner WI, Engelman RM, Williams CD, Boyd AD, Reed GE (1974) 
Nonthrombogenic aortic and vena caval bypass using heparin coated tubes. Am .

Surg, 127:555-559

110



Brinkman E, Poot A, van der Does L, Banties A (199m Piat.uf 
on^copolyether urethanes modified with polyethylene oxide). BioS”^

Brinkman E, Pool A, Beugeling T, van der Does L, Bantjes A (1989) Surface

Briston GH and Katan LL (1974) Plastic films, Iliffe, London

Bruck SD (1980) Properties of biomaterials in the physiological environment CRC 
press, Boca Raton, Florida, USA

Brücke E (1857) Ueber die Ursache der Gerrinnung des Blutes. Vichour’s Archiv fur 
Pathologische Anatomie und Physiologie und fur Klinische Medicin 12:81-100

Brydson JH (1975) Plastics materials. Newness-Butterworths, London

Burger R, HAdding U, Schorlemmer HU, Brase V, Bittersuermann D (1975) 
Dextran sulphate: A synthetic activation of C3 via the altemauve pathway. 
Immunology, 29:549-554

Busch C, Owen WG (1982) Identification in vitro of an endothelial cell surface co­
factor for antithrombin HI. J Clin Invest, 69:276-279

Carreno MP, Labarre D, Maillet F, Jozefowicz M, Kazatchkine M (1989) Regulauon 
of the human alternative complement pathway: Formation of a ternary complex 
between factor H, surface-bound C3b and chemical groups on nonactivating surfaces. 
Eur J Immunol, 19:2145-2150

Chan MK and Lau N (1989) Optimal reuse of Cuprammonium rayon hollow fibre 
dialyzers. Int J Artif Organs, 12: 223-228

Chang TMS (1977) Protective effects of microencapsulation (coating) on pletelet 
depletion and particulate embolism in the clinical applications of charcoal 
haemoperfusion. In: Kenedi RM, Courtney JM, Gaylor JDS, Gilchrist T (eds) 
Artificial organs. Macmillian, London, England. 164-17 7

Chapman D, Charles SA (1992) A coat of many lipids - in the dime. Chemistry in 
Britain, 28: 253-256

Cheng YL, Darst SA, Robertson CR (1987) Bovine serum albumin adsorption and 
desorption rates on solid surfaces with varying surface properties. J Colloid Interface 
Sei, 118:212-223

Chenoweth DE, Chuang AK, Henderson LW (1983) Anaphylatoxin formation during 
hemodialysis: effects of different dialyzer membranes. Kidney Int, 24:764-/69

111



“ZÄ SïS: “*S J— Evaluation 

7:44-49 immunoassays. Trans Am Soc Artif Intern Organs,

Soc“ “ ÄS“ " * “°“

Cheung AK, Chenoweth DE, Otsuka D, Henderson LW (1986) Compartmental 
distribution of complement activation products in artificial kidney. Kidney Int, 30:74-

Cheung AK, Baranowski RL, Wayman AL (1987) The role of thromboxane in 
Cuprophan-mduced pulmonary hypertension. Kidney Int, 31:1072-1079

Chisato N, Park KD, Pkano T, Kim SW (1989) In vivo protein adsorption onto 
polymers: a transmission electron microscopic study. Trans Am Soc Artif Intern 
Organs, 35:357-361

Coleman DL, Meuzelaar HLC, Kessler TR, McLennen WM, Richards JM, Gregonis 
DE (1986) Retrieval and analysis of a clinical total artificial heart. J Biomed Mater 
Res 20:417-431

Colman RW, Bagdasarian A, Talarno RC, Scott CF, Seavey M, Guimaraes JA, Pierce 
JV, Kaplan AP, Williams trait (1975) Human kininogen deficiency with diminished 
levels of plasminogen proactivator and prekallikrein associated with abnormalities of 
the Hegeman factor-dependent pathways. J Clin Invest, 56: 1650-62

Courtney JM, Park GB, Fairweather IA, Lindsay RM (1976) Polymer structure and 
blood compatibility evaluation-application of an acrylonitrile copolymer. Biomater 
Med Devices Artif Organs, 4:263

Courtney JM, Park GB, Prentice CRM, Winchester JF, Forbes CD (1978) Polymer 
modification and blood compatibility. J Bioeng 2:241-249

Courtney JM and Gilchrist T (1980) Polymers in medicine, In: Kenedi RM (ed) A 
textbook of biomedical engineering, Blackie, Glasgow, 77-111

Courtney JM, Gaylor JDS, Klinkmann H and Holtz M (1984) Polymer membranes, 
In: Hastings GW and Ducheyne P (eds) Macromolecular biomatenals, CRC Press, 
Bocca Raton, Florida, 143-180

Courtney JM, Robertson LM, Jones C, Irvine L, Douglas JT, Travers M Ryan Cl. 
Lowe GDO (1989) Blood compatibility of biomaterials in artificial org . - 
JP/Barbenel JC, Courtney IM, Kened, RM (eds) Progress in broengrneenng. Adam

Hilger, Bristol, England:21-27

112



Courtney JM, Irvine L, Gaylor JDS, Forbes CD. Taylor KM (1992> Ru™. 
compatibility in cardiopulmonary bypass. In- Hasnnes GW L, r a B 
biomatenals. Springer-Verlag London 37-79 8 W Cardiovascular

Courtney JM, Yu J Sundaram S (1993a) Immobihsation of macromolecules for 
obtaining btocompanb e surfaces. In: Sleytr U, Messner P, Pum D and Sara M
York°bl 75-f9™aCrOmO KUleS: apphCati011 P01™815- Institute for Applied Biology.

Courtney JM, Irvine L, Jones C, Mosa S.M., Robertson LM, Srivastava S. (1993b) 
Biomaterials m Medicine - a bioengineering perspective. Int J Artif Organs, in press

Courtney JM, Sundaram S, Forbes CD (1993c) Extracorporeal situations: 
biocompatibility aspects of the application of biomaterials. In: Forbes CD, Custuen 
A (eds) Management of bleeding disorders in surgical practice. Blackwell Scientific, 
Oxford, 236-276

Craddock PR, Fehr J, Dalmasso AP, et al (1977a) Hemodialysis leukopenia: 
Pumonary vascular leukostasis resulting from complement activation by dialyzer 
cellophan membranes. J Clin Invest, 59:879-888

Craddock PR, Hammerschmidt DE, Whitw JG, Dalmasso AP, Jacobs HS (1977b) 
Complement (C5a)-induced granulocyte aggregation in vitro. J Chn Invest, 60: 260- 
264

Cumming RD (1980) Important factors affecting initial blood-matenal interacuons. 
Trans Am Soc Artif Intern Organs, 26: 304-308

Danishefsky I, Tzeng F (1974) Preparation of heparin-linked agarose and its 
interaction with plasma. Thromb Res, 4: 237-246

Davies GC, Sobel M, Salzman EW (1979) Plasma thromboxane B2 (TXB2) and 
fibrinopeptide A (FpA) in patients with thrombosis and during contact of blood with 
artificial surfaces. Proceedings of the VH international cingress thrombosis and 
haemostasis, London. Thromb Haemostas, 42:72

Davies GC, Soble M, Salzman EW (1980) Elevated fibrinopeptide A and 
thromboxane A2 levels during cardiopulmonary bypass. Circulation, 61:808-814

Desai NP, Hubbell JA (1990) Surface modifications of polymeric biomatenals for 
reducing thrombogenicity. Proc ACS Divi Polym Mater Sei Eng, 62:731-735

Desai NP, Hubbell JA (1991) Biological responses to polyethylene oxide modified 
polyethylene terephthalate surfaces. J Biomed Mat Res. 25:829-843

Dewitz TS, Hung TC, Martin RR. McIntire LV (1977) Mechanical trauma in 
leukocytes. J Lab Clin Medicine, 90: 728-736

113



Didisheim P, Olsen DB, Farrer DJ, Portner PM, Griffith BD, Pennington DG Joist 
JH, Schoen FJ, Gnstina AG, Anderson JM (1989) Infections and thromboembolism 
with implantable cardiovascular devices. Trans Am Soc Artif Intern Organs, 35:54-70

Donetski IA, Belomestnaya ZM, Chepurov AK, Shumakov VI (1975) Use of 
hydrophilic gels as thromboresistant coatings. Aktual. Probl Transplantol Iskusstv 
Organov 246

Dryjski M, Larsson R, Olsson P, Swedenborg J (1983) Effect of glycosaminoglycans 
and antithrombin HI on uptake and inhibition of thrombin by the vascular wall. 
Thromb Res, 69:355-363

Dudczak R, Niessner H, Thaler E (1979) B-thromboglobulin(BTG), platelet factor 4 
and fibrinopeptide A (FPA) in patients with porcine(PO) and prosthetic heart valves. 
Proceedings VU International Congress of Thrombosis Haemostasis. London. 
Thromb Haemostas, 42:72

Durrani AA, Chapman D (1987) Modification of polymer surfaces for biomedical 
applications. In: Feast WJ, Munro HS (eds) Polymer surfaces and interfaces. Jhon 
Wiley & Sons, New York, USA:189-200

Durrani AA, Hayward JA, Chapman D (1986) Biomembranes as models for polymer 
surfaces. H. The synthesis of reactive species for covalent coupling of 
phosphorylcholine to polymer surfaces. Biomaterials, 7:121-125

Ebert CD, Kim SW (1982) Immobilized heparin: spacer arm effects on biological 
interactions. Thromb Res, 26: 43-57

Ebert CD, Lee ES, Deneris J, Kim SW (1982) The anticoagulant activity of 
derivatized and immobilized heparins. Am Chern Soc Adv Chem Ser, 199: 161-176

Egberg N, Gallimore MJ, Green K, Jacobsson J, Vesterqvist O, Wiman B (1988) 
Effects of plasma kallikrein and bradykinin infusions into pigs on plasma fibrinolytic 
variables and urinary excretion of thromboxane and prostacyclin metabolites. 
Fibrinolysis, 2: 101-106

Eloy R, Belleville J, Paul J, Pusineri C, Baguet J, Rissoan MC, Cathignot P, Ffrench 
P, Ville D, Tartuliier M (1987) Thromboresistance of bulk heparinized catheters in 
human. Thromb Res, 45:223-233

Engbers GH, Feijen J (1991) Current techniques to improve the blood compatibility 
of biomaterial surfaces. Int J Artif Organs, 14:199-215

Enia G, Catalano C, Misefari V, Salnitro F, Mundo N, Tetta, Maggiore Q (1990) 
Complement activated leucopenia during hemodialysis: effect of pulse methyl­
prednisolone. Artif Organs, 13:98-102

114



MOT-So“ JF (1968) P““’5“*“ «“°" and thrombosis. Surgery.

W (1966) H“ * *“* R“^

Falb RD, Leininger RI, Crowley JR (1977) Materials with chemically acuve 
substitutents. Ann N. Y. Acad Sei, 283:396

Falkenhagen D, Esther G, Courtney JM, Klinkman H (1981) Optimisation of 
albumin coating for resins. Artif Organs, 5 (Suppl): 195-199

Falkenhagen D, Bosch T, Brown GS (1987) A clinical study on different cellulosic 
dialysis membranes. Nephrol Dial Transplant 2:537-45

Feijen J (1977) Thrombogenesis caused by blood-foreign surface interaction. In: 
Kenedi RM, Courtney JM, Gaylor JDS, Gilchrist T (eds) Artificial organs. 
Macmillan, London:235-247

Feijen J, Engbers GHM Covalent attachment of anticoagulants and the like onto 
biomaterials. European patent application 0.294.905 Al

Forbes CD, Courtney JM (1987) Thrombosis and artificial surfaces. In: Bloom 
AL, Thomas DP (eds) Haemostasis and thrombosis, 2nd edn. Churchill Livingstone. 
Edinburgh, Scotland: 902-921

Forbes CD, Courtney JM, Saniabadi AR, Morrice LMA (1989) Thrombus formation 
in artificial prgans. In: Paul JP, Barbenei JC, Courtney JM, Kenedi RM (eds) 
Progress in bioengineering. Adam Hilger, Bristol, England, pp 13-20

Fougnot C, Jozefonvicz J, Samama M, Bara L (1979a) New heparin-like insoluble 
materials: part I. Ann Biomed Eng, 7:429-439

Fougnot C, Jozefonvicz J, Samama M, Bara L (1979b) New hepann-like insoluble 
materials: part II. Ann Biomed Eng, 7:441-450

Fougnot C, Labarre D, Jozefonwicz J, Jozefowicz M (1984) Modisication o. 
polymer surfaces to improve blood compatibility. In: Hastings GW, Ducheyne P 
(eds) Macromoleculear biomaterials. CRC Press, Boca Raton, Florida. USA:215-238

Fourt L, Schwartz AM, Quasius A, Bowman RL (1966) Hepann-beanng surfacea and 
liquid surfaces in relation to blood coagulation. Trans Am Soc Artif Intern Organs. 
29:242-244

Frautschi JR, Munro MS, Lloyd DR, Eberhart RC (1983) Alky]denvauzed1 aoeute 
membranes with enhanced albumin affinity. Trans Am Soc Artif Organs. -9.242 2

115



Fuhrer G, Gallimore MJ, Heller W, Hoffmeister HE (1990) Review 
Blut, 61: 258-266 article: FXH.

™ H’ K> oshikawa S, Miya M, Yamamoto N and Yamashita I 
(198/) Complement-induced thrombus formation on the surface of poly(N- 
vinylpyrrolidone)-grafted polyethylene. Biomaterials, 8:74-76

Furasawa K, Shimura Y, Otobe K, Atsumi K, Tasuda K (1977) Blood compatibility 
of polyether-polyurethanes. Ronbushi Kobushu, 4:309

Ghebrehiwet B, Randazzo BP, Dunn JT, Silverman M, Kaplan AP (1983) Mechanism 
of activation of the classical pathway of complement by Hageman factor fragment. 
J Clin Invest, 71: 1450-1456

Gilchrist T, Coumey JM (1980) The design of biocompatible polymers. In: Aliens 
EJ (ed) Drug design. Vol X. Academic Press, New York, USA:251-275. 
Spectroscopy, 35:353-357

Gilding DK, Taylor JA (1977), U.S. Patent 4,062,834,

Giordano C (ed) (1980) Sorbents and their clinical applications. Academic Press, 
New York, USA

Godal HC (1989) Heparin-induced thrombocytopenia. In: Lane DA, Lindahl U (eds) 
Heparin, chemical and biological properties, clinical applications. Edward Arnold. 
Londin, UK

Golander CG, Honsson S, Vladkowa T, Stenius P, Eriksson JC (1986) Preparation 
and protein properties of photopolymerized phdrophilic films containing N- 
vinylpyrrolidone, acrylic acid or ethylene oxide units as studied by ESCA. Colloids 
and Surfaces, 21:149-165

Golander CG, Kiss E (1988) Protein adsorption on functionalized and ESCA- 
characterized polymer films studied by ellipsometry. Journal of Colloid and Interface 
Science, 121: 240-253

Gombotz WR, Guanghui W, Hoffman AS (1989) Immobilization of poly(ethylene 
oxide) on poly(ethylene terephthalate) using a plasma polymerization process. J Appl 
Polym Sei, 37:91-107

Goodman SL, Grasel TG, Cooper SL, Albrecht RM (1989) Platelet shape change 
and cytoskeletal reorganization on polyurethaneureas. J Biomed Mater Res, 23.105- 
123

Goosen MFA, Sefton MV (1980) Inactivation of thrombin by antithrombin HI on 
heparinized biomaterials. Thromb Res, 20.543

116



Goosen MFA Sefton MV (1982) Invalidation of concerns with long tenn use of 
m interactions, Trans Am Soc Artif Intern Organs, 

O • > —' A .J

Gott VL, Whitten JD, Dutton RC (1963) 
surfaces. Science, 142:1297-1298

Heparin bonding on colloidal graphite

Grabowski EF, Didtsheim P, Lewis JC, Franta JT, Stropp JQ 1977 Platelet adhesion 
to foreign surfaces under controlled conditions of whole blood flow: human vs rabbit, 
dog, calf, sheep, macaque, and baboon. Trans Am Soc Artif Intern Organs 23T41- 
149 ’

Graham SW, Hercules DM (1981) Surface spectroscopic studies of Avcothane, J 
.Biomed Mater Res, 15:349

Grainger DW, Kim SW (1988) POly (dimethylsiloxane) -poly (ethyl oxide) heparin 
block copolymers. 1. Synthesis and charaterization. J Biomed Mater Res, 22:231-249

Grainger DW, Nojiri C, Okano T, Kim SW (1989) In votro and ex vivo platelet 
interactions with hydrophilic-hydrophobic poly(ethylene oxide)-polystyrene 
multiblock copolymers. J Biomed Mater Res, 23:979-1005

Grasel TG, Cooper SL (1986) Surface properties and blood compatibility of 
polyurethaneureas. Biomaterials, 7:315328

Grasel TG, Pierce JA, Cooper SL (1987) Effects of alkyl grafting on surface 
properties and blood compatibility of polyurethane block
copolymers. J Biomed Mat Res, 21:815-842

Grasel TG, Cooper SL (1989) Properties and biological interactions of polyurethane 
anionomers: effect of sulfonate incorporation. J Biomed Mat Res, 23:311-38

Gregonis DE, Buerger DE, Van Wagenen RA, Hunter SK, Andrade JD (1984)
Poly(ethylene glycol) surfaces to minimize protein adsorption. Biomaterials. 7:266

Grode GA, Anderson SJ, Grotta HM, Falb RD (1969) Nonthrombogenic surfaces via 
a simple coating process. Trans Am Soc Artif Intern Organs, 15: 1-6

Grode GA, Falb RD, Crowley JP (1972) Biocompatible materials for use in the 
vascular sustem. J Biomed Mater Res Symp, 3:77-84

Grode GA, Pitman J, Crowley JP, Leininger RI, Falb RD (1974) Surface- 
immobilized prostaglandin as a platelet protective agent. Trans Am Soc Artif Intern 
Organs 20: 38-41

Guidoin RG, Awad J, Brassard A (1976) Blood compatibility of silicone rubber 
chemically coated with cross-linked albumin. Biomat Med Dev Art Org, 4:205-224

117



Gustafson RJ, Colman RW (1987) Interaction of polymorphonuclear cells with 
contact activation factors. Seminars in Thrombosis and Hemostasis, 13(1): 95-105

Haefiher-Cavaillon N, Cavilion JM, Kazatchkine MD (1987) C3a (C3a desAre) 
induces production and release of interleukin 1 by cultured human monocytes J 
Immun, 139: 794-799 y

Haeffher-Cavaillon N, Fischer E, Bade F,Carreno MP, Maillet F, Cavilion JM, 
Kazatchkine MD (1988) Complement activation and induction of interleukin-1 
production during hemodialysis. Contr Nephrol, 62:86-98

Haeffner-Cavaillon N, Cavilion JM, Ciancioni C et al (1989) In vivo induction of 
interleukin-1 during hemodialysis. Kidney Int, 35:1212-1218

Hagler HK, Powell WM, Eberle JW, Sugg WL, Platt MR, Watson JT (1975) Five- 
day partial bypass using a membrane oxygenator without systemic heparinization. 
Trans Am Soc Artif Intern Organs, 21: 178-185

Hakim RM, Fearon DT, Lazarus JM (1984) Biocompatibility of dialysis membranes: 
effects of chronic complement activation. Kidney Int, 26:194-200 

»
Hall B, Bird RleR, Kojima M, Chapman D (1989) Biomembranes as models for 
polymer surfaces. V. Thromboelastographic studies of polymeric lipids and 
polyesters. Biomaterials, 10:219-224

Han DK, Jeong SY, Kim YH (1989) Evaluation of blood compatibility of PEO 
grafted and heparin immobilized polyurethanes. J Biomed Mat Res, 23: 211-222

Hanson SR, Harker LA, Ramer BD, Hoffman AS (1980) In vivo evaluation of 
artificial surfaces with a nonhuman primate model of arterial thrombosis, J Lab Clin 
Med, 95:289

Hasenfratz H, Knaup G (1981) Improvement of the blood compatibility of cellulosic 
membranes through immobilization of heparin and measurement of biological heparin 
activity. Artif.Organs, 5:507-511

Harrison MJ, Emmons PR, Mitchell JR (1966) The effect of white cells on pletelet 
aggregation. Throm Diath Haemorrh, 16:105

Hatton MWC, Rollason G, Sefton MV (1983) Fate of thrombin and thrombin - 
antithrombin UI complex absorbed to a hepanmsed biomaterial: analysis of the 
enzyme - inhibitor complexes displaced by plasma. Thromb Haemostas, 50:8/3

Havward JA, Durrani AA, Shelton CJ, Lee DC, Chapman, D (1986a) Biomembranes 
as models for polymer surfaces. UI. Charactensation of a phosphorylchohne surface 
covalently bound to glass. Biomaterials, 7:126-131

118



Hayward JA, Durrani AA, Lu YC, Clayton CR, Chapman D (1986b) Biomembranes 
as models for polymer surfaces. IV. ESCA analyses of a phosphorylcholine surface 
covalently bound to hydroxylated substrates. Biomaterails, 7:252-258

Hennink WE, Dost L, Feijen J, Kim SW (1983) Interaction of albumin-heparin 
conjugate preadsorbed surfaces with blood. Trans Am Soc Artif Intern Organs, 29: 
200-205

Hennink WE, Kim SW, Feijen J (1984a) Inhibition of surface induced coagulation 
by preadosorption of albumin-heparin conjugates. J Biomed Mater Res, 18:911-926

Hennink WE, Ebert CD, Kim SW, Breemhaar W, Bantjes A, Feijen J (1984b) 
Interaction of antithrombin HI with preadsorbed albumin-heparin conjugates, 
Biomaterials, 5:264-268

Hersh LS, Weetali HH, Brown IWJr (1971) Heparinized polyester fibres. Journal of 
Biomedical Materials Research Symposium, 1: 99-104

Herzlinger GA, Cumming RD (1980) Role of complement activation in cell 
adhension to polymer blood contact surfaces. Trans Am Soc Artif Intern Organs, 
26:165-170

Herzlinger, GA, Bing DH, Stein R, Cumming RD (1981) Quantitative measurement 
of C3 activation at polymer surface. Blood, 57:764-770

Heyman PW, Cho CS, McRea JC, Olsen DB, Kim SW (1985) Heparinized 
polyurethanes: in vitro and in vivo studies. J Biomed Mater Res, 19:419-436

Hoenich NA, Johnston SRD, Buckley P, Harden J, Ward MK, Kerr DNS (1983) 
Haemodialyser reuse: impact on function and biocompatibility. Int J Artif Organs, 6: 
261-266

Hoffman AS, Schmer G, Kraft WG (1972) Covalent bonding of biomolecules to 
radiation-grafted hydrogels on inert polymer surfaces. Trans Am Soc Artif Intern 
Organs, 18:10-17

Hoffman AS (1975) Hydrogels - a broad class of biomaterials. In: Kronenthai RL, 
Oser Z, Martin E (eds), Polymers in medicine and surgery. Plenum Press, New York, 
pp 33-44

Hoffman AS (1987) Modification of material surfaces to affect how they interact with 
blood. ANN N Y Acad Sei, 516:96-101

Holland FF, Gidden HE, Mason RG, Kleim E (1978) Thrombogenicity of heparin- 
bound DEAE cellulose hemodialysis membranes. J Am Soc Artif Int Organs, 1:24- 
36

119



Hood RG, Pollock JG, Guidoin R (1984) The kmtted structure and its interaction 
wrth tissue and blood. In: Paul JP, Gaylor JDS, Counney JM, Gilchnst T (eds) 
Biomaterials in artificial organs. Macmillan, London, pp 269-276

Horbett TA (1981) Adsorption of proteins from plasma to a series of hydrophilic- 
hydrophobic copolymers. U. Compositional analysis with the prelabled protein 
technique. J Biomed Mater Res, 15:673-695

Horbett TA (1984) Mass action effects on the adsorption of fibrinogen from 
hemoglobin solutions and from plasma. Thromb Haemostas, 51:174-181

Horbett TA and Counts RB (1984) Von Willebrand factor/factor VTTT adsorption to 
surfaces from human plasma, Throm Res, 36:599-608

Horbett TA (1986) The kinetics of baboon fibrinogen adsorption to polymers: In vitro 
and in vivo studies. J Biomed Mater Res, 20:739-772

Hunter SK, Gregonis DE, Coleman DL, Hanover B, Stephen RL, Jocoben SC (1983) 
Surface modification of polyurethane to promote long-term patency of peritoneal 
access devices. Trans Am Soc Artif Intern Organs, 29:250-254

Ihlenfeld TV7, Cooper SL (1979) Transient in vivo protein adsorption onto polymeric 
biomaterials. J Biomed Mater Res, 13:577-591

Irvine L (1989) Blood-biomaterial interactions: investigations into granulocyte 
elastase release and contact phase activation, PhD Thesis, University of Strathclyde

Ishihara K, Aragaki R, Ueda T, Watenabe A, Nakabayashi N (1990) Reduced 
thrombogenicity of polymers having phospholipid polar groups. J Biomed Mater 
Res, 24: 1069-1077

Ishihara K, Ziats NP, Tierney BP, Nakabayashi N, Anderson JM (1991) Protein 
adsorption from human plasma is reduced on phospholipid polymers. J Biomed 
Mater Res, 24:1397-1407

Ishihara K, Takayama R, Nakabayashi N (1992) Improvement of blood compatibility 
on cellulose dialysis membrane. Biomaterials, 13:23'5-239

Ito Y, Imanisji Y, Sisido M (1988) In vitro platelet adhesion and in vivo 
antithrombogenicity of heparinized polyetherurethaneureas, Biomaterials, 9:235-240

Ivanovich P, Chenoweth DE, Schmidt R et al (1983) Symptoms and activation of 
granulocytes and complement with two dialysis membranes. Kidney Int, 24:758-763

Jansen B, Eilighorst G (1979) Radiation-induced modification of polyurethane- 
elastomers with hydroxylethyl methacrylate. J Pol Sei Pol Symp, 66:465-73

120



Jansen B, Ludwicka A, Storz LM (1985) Radiation induced modification of 
poly etherurethane films and tubes: platelet adhesion and in vivo experiments Radiat 
Phys Chern, 25:529-35

Johnson R (1989) The design of cellulosic based membranes that do not activate 
complement. Med Prog Tech, 15:77-81

Johnson R, Lelah MD, Sutliff TM, Boggs DR (1990) A modification of cellulose that 
facilitates the control of complement activation. Blood Purif, 8:318-328

Karnbic HE, Murabayashi S, Nosé Y (1983) Biolized surfaces as chronic blood 
compatible interfaces. In: Szycher M (ed) Biocompatible polymers, metals, and 
composites. Technomic, Lancaster, Pennsylvania, pp 179-198

Kambic HE, Nosé Y (1991) Biomaterials for blood pumps. In: Sharma CP, Szycher 
M (eds) Blood compatible materials and devices. Technomic, Lancaster, 
Pennsylvania, USA, pp 141-152

Kao KJ, Pizzo SV, McKee PA (1979) Proc Nad Acad Sei (USA) 76: 5317-5320

Kaplan AP, Gruber B, Harpel PC (1985) Assessment of Hageman factor activation 
in human plasma: Quantification of activated Hageman factor-Cl inhibitor complexs 
by an enzyme linked differential antibody immunosobent assay. Blood, 66:636-641

Kaplow LS, Goffinet JA (1968) Profound neutropenia during the early phase of 
hemodialysis. JAMA, 203:1135-1137

Kazatchkine MD, Fearon DT, Silbert JE, Austen KF (1979) Surface-associated 
heparin inhibits zymosan induced activation of the human alternative complement 
pathway by augmenting the regulatory activation of the control proteins on particle 
bound C3b. J Exp Med, 150:1202-1215

Kazatchkine MD, Carreno MP (1987) Activation of the complement system at the 
interface between blood and artificial surfaces. Biomaterials, 9:30-35

Kelton JC (1986) Heparin-induced thrombocytopenia. Haemostasis, 16:173-186

Kim SW, Ebert CD, Lin JY, McRea JC (1983) Nonthrombogenic polymers: 
pharmaceutical approaches. J Am Soc Artif Intern Organs, 6:76-87

Kishika A, Mishima K, Corretge E, Konishi H, Ikada Y (1992) Interactions of 
poly(ethylene glycol)-grafted cellulose membranes with proteins and platelets. 
Biomaterials, 13:113-119

Klinkmann H (1984) The role of biomaterials in the application of artificial organs, 
In: Paul JP, Gaylor JDS, Courtney JM, Gilchrist T (eds) Biomaterials in artificial 
organs. Macmillan, London 1-8

121



Springer-Verlag (eds) Uremia Therapy. Berlin and Heidelberg 125-140

Klinfanann H (1989) ftogress in artificial organs. In.Taul JP, Barbenei JC, Counnev 
IM^Kenedi RM(eds) Progress in bioengineering, Adam Hilger, Bristol, England, pp

Knapp W (1975) Interaction of the third complement (C3) with crosslinked dextran, 
n. Demostration of an alternate pathway activation as binding mechanism of C3 to 
cross-linked dextran. Z Immun - Forsch, 149:69-77

Kojima M, Ishihara K, Watenabe A, Nakabayashi N (1991) Interaction between 
phospholipids and biocompatible polymers containing a phosphorylcholine moiety. 
Biomaterials, 12:121-124

Kolff J, Burkett G, Feyen J (1974) Copolyetherurethanes as materials for artificial 
hearts, Biomat Med Devices Artif Organs, 1:669

Kottke-Marchant K, Anderson JM, Umemyra Y, Marchant RE (1989) Effect of 
albumin coating on the in vitro blood compatibility of Dacron anenal prostheses. 
Biomaterials, 10:147-155

Kusserow B, Larow R, Nochols J (1971) Perfusion and surface-induced injury in 
leucocytes. Fed Proc, 30:1516-1520

Kusserow BK, Larrow RW, Nichols IE (1973) The surface bonded, covalently 
crosslinked urokinase surface. In vitro and chronic in vivo studies. Trans Am Soc 
Artif Intern Organs, 19: 8-12

Lagergren H, Eriksson JC (1971) Plastic with a stable surface monolayer of 
crosslinked heparin: preparation and avaluation. Trans Am Soc Artif Intern Organs. 
17:10-13

Lagergren H, Olsson P, Swedenborg J (1974) Inhibited platelet adhesion: A non- 
thrombogenic characteristic pf a heparin-coated surface. Surgery, , 5:634-650

Lärm O, Larsson R, Olsson P (1983) A new non-thrombogenic surface prepared by 
selective covalent binding via a modified reducing terminal residue. Biomat Med Dev 
Art Org, 11:161-173

Lärm O, Lins LE, Olsson P (1986) An approach to antothrombosis by surface 
modification. In: Nose Y, Kjellstrand C, Ivanovich P (eds) Progress in artificial 
organs. ISAO Press, Cleveland:313-318

Larm O, Larsson R. Olsson P (1989) Surface-immobilized bepann. In: Lane DA. 
Lindahl U (eds) Heparin. Chemical and biological properties, clinical applications. 
Edward Arnold, London, England:59/-608

122



Larsson RL et al (1977) The stability of glutardialdehyde stabilized Sheparinized 
surfaces m contact with blood. Thromb Haemostas, 37:262

Larsson R, Eriksson JC, Lagerfren H, Olsson P (1979) Platelet and plasma 
coagulation compatibility of heparinized and sulphated surfaces, Thromb Res 15T57- 
167

Larsson R, Olsson P, Lindahl U (1980) Inhibition of thrombin on surfaces coated 
with immobilized heparin and hepann-like polysaccharides: a crucial non- 
thrombogenic priciple. Thromb Res, 19:43-54

Lederman DM, Cumming RD, Petschek HE, Levine PH, Krinsky NI (1978) The 
effect of temperature on the interaction of pletelets and leukocytes with materials 
exposed to flowing blood. Trans Am Soc Artif Intern Organs, 24:557-560

Lee WH Jr, Hairston (1971) Structural effects on blood proteins at the gas-blood 
interface. Federation Proceedings 30: 1615-1620

Lee JH, Kopecek J, Andrade JD (1989) Protein-resistant surfaces prepared by PEO- 
containing block copolymer surfactants. J Biomed Mat Res, 23:351-368

Lee JH, Kopeckova P, Kopecek J, Andrade JD (1990) Surface properties of 
copolymers of alkyl methacrylates with methoxy (polyethylene oxide) methacrylates 
and their application as protein-resistant coatings. Biomaterials, 11:455-464

Lee RG, Adamson C, Kim SW (1974) Competitive adsorption of plasma proteins 
onto polymer surfaces. Thromb Res, 4:485-490

Leininger RI, Crowley JP, Falb RD, Grode GA (1972) Three years’ experience in 
vivo and in vitro with surfaces and devices treated by the heparin complex method.
Trans Am Soc Artif Intern Organs, 18:312-315

Lelah MD, Cooper SL (1986) Polyurethanes in medicine, CRC Press,Boca Raton, 
Floride

Lelah MD, Lambrecht LK, Young BR, Cooper SL (1983) Physiochemical 
characterization and in vivo blood tolerability of cast and extruded Biomer, J Biomed 
Mater Res, 17: 1

Lelah MD, Grasel TG, Pierce JA, Cooper SL (1986) Ex vivo interactions and surface 
property relations of polyether urethanes. J Biomed Mater Res, 20:433-468

Lemke HD (1985) Comparison of parameters for blood compatibility assessment of 
polymers (membranes) in vitro. Proc Int Symp, Trondheim

Leonard CD, Weil E, Scribner BH (1969) Subdural haematoms in patients 
undergoing haemodialysis. Lancet, 11:239-240

123



Lewis SL, van Epps DE (1987) Neutrophil and monocyte alterations in chronic 
dialysis patients. Am J Kidney Dev, 9:381-395

Lhlenfeld JV, Mathis TR, Riddle LM, Cooper SL (1979) Measurements of transient 
thrombus formation on polymeric materials, Thromb Res, 14:953-

Limber GK, Glenn CH, Mason RG (1974) Studies of proteins elutable from certain 
artificial surfaces exposed to human plasma. Thromb Res, 5: 735-746

Lin YS, Hiady V, Janatova J (1992) Adsorption of complement proteins on surfaces 
with a hydrophobicity gradient, Biomaterials, 13:497-504

Lindahl U, Bäckström G, Höök M, Thunberg L, Fransson L-A, Linker A (1979) 
Structure of the antithrombin-binding site in heparin. Proc Natl Acad Sei USA, 
76:3198-3202

Lindon J, Rosenberg R, Merrill E, Salzman E (1978) Interaction of human platelets 
with heparinized agarose gel. J Lab Clin Med 91:47-59

Lindsay RM, Prentice CRM, Ferguson D, Muir WM, McNicol GP (1973) A method 
for the measurement of platelet adhesiveness by use of dialysis membranes in a test 
cell. British Journal of Haematology, 24:377-389

Lindsay RM, Rourke J IB, Reid BD, Linton AL, Gilchrist T, Courtney JM, 
Edwards RO (1977) Thr role of heparin on pletelet retention by acrylonitrile 
copolymer dialysis membranes. J Lab Clin Med, 89:724-734

Lindsay RM, Mason RG, Kim SW, Andrade ID, Hakim RM (1980) Blood surface 
interactions. Trans Am Soc Artif Intern Organs, 26: 603-610

Lins LE, Olsson P, Hjelte MB, Larsson R, Lärm O (1984) Haemodialysis in dogs 
with a heparin coated hollow fibre dialyser. Proc Europ Dial Transplant Assoc, 
21:270-275

Lipscomb MS, Walsh RN (1979) Human platelets and factor XI. Localisation in 
platelet membranes of factor XI-like activity and its functional distinction from 
plasma factor XI. J Clin Invest, 63: 1006-1014

Lister J (1863) On the coagulation of blood. Proceedings of the Royal Society 
(London) 12: 580-611

Liu SQ, Ito Y, Sisido M, and Imanishi Y (1989) Synthesis and non-thrombogenicity 
of polyurethanes with poly(oxyethylene) side chains in soft segment regions. J 
Biomat Sei Polymer Edn, 1:111-22

Llanos GR, Sefton MV (1992) Heparin-poly(ethylene glycol)-poly(vinyl alcohol) 
hydrogel: preparation and assessment of thrombogenicity. Biomaterials, 13:421-424 

124



Lonnemann G, Bingel M, Floege J, Koch KM, Shaldon S, Dinarallo CA (1988) 
Detection of endotoxin-like interleukin-1-inducing activity during in vitro dialysis. 
Kidney Int, 33:S29-S35

Lucchi L, Bonucchi D, Acerbi MA et al (1989) Improved biocompatibility by 
modified cellulosic membranes: the case of hemophan. Artif Organs., 13:417-421

Luttinger M and Cooper CW (1970) Parameters effecting preparation of nylon-based 
hemodialysis membranes. J Biomed Mater Res, 4: 281-293

Lyman DJ (1964) New synthetic membranes for the dialysis of blood. Trans Am 
Soc Artif Intern Organs, 10:17

Lyman DJ, Loo BH (1967) New synthetic membranes for dialysis. IV. A 
copolyether-urethane membrane system. J Biomed Mater Res, 1:17

Lyman DJ, Knutson K, McNeill B, Shibatani K (1975) The effects of chemical 
structure and surface properties on the coagulation of blood. IV. The relation between 
polymer morphology and protein adsorption. Trans Am Soc Artif Intern Organs, 21: 
49-53

Mahiout A, Meinhold H, Kessel M, Schulze H, Baurmeister U (1987) Dialyzer 
membranes: Effect of surface area and chemical modification of cellulose on 
complement and platelet activation. Artif Organs, 11: 149-154

Marconi W, Bartoli F, Mantovani E (1979) Development of new antithrombogenic 
surfaces by employing platelet antiaggregating agents: preparation and 
characterization. Trans Am Soc Artif Intern Organs, 25: 280-285

Marguerie GA, Plow EF (1981) Interaction of fibrinogen with its platelet receptor: 
kinetics and effect of pH and temperature. Biochem. 20: 1074

Maria CE van Dam-Mieras, Annemarie DM (1986) Blood coagulation as a part of 
the haemostatic system. In:Zwaal RFA, Hemker HC(eds) Blood coagulation, 
Amsterdam, New York, Oxford, pl-11

Martin FE, Shuey HF, Saltonstall CWJr (1970) Improved membranes for 
hemodialysis. J Macromol Sci Chern, A4:635-654

Mason RG (1972) The interaction of blood hemostatic elements with artificial 
surface. Progress in Hemostasis and Thrombosis, 1:141-164

Mason RG, Mohammad SF, Chuang HYK, Richardson PD (1976) The adhesion of 
platelets to subendothelium, collagen and artificial surfaces. Seminars in Thrombosis 
and Hemostasis, 3:98-116

Matsuda T (1989) Biological responses at non-physiological interfaces and molecular 
design of biocompatible surfaces. Nephrol Dial Transplant 4(Suppl),:60-66

125



Merrill EW, Salzman EW, Wong PSL, Ashford TP, Brown AH, Austen WG (1970) 
Polyvinyl alcohol-heparin hydrogel "G". J Appl Physiol, 29:723-730

Merrill EW, Salzman EW, Wan S, Mahmud N, Kushner L, Lindon JN, Curme J 
(1982) Pletelet-compatible hydrophilic segmented polyurethanes from polyethylene 
glycols and cyclohexane diisocyanate. Trans Am Soc Artif Intern Organs, 28:482-487

Merill EW, Salzman EW (1983) Polyethylene oxide as a biomaterial. ASAIO J, 
6:60-64

Migonney V, Fougnot C, Josefowicz M (1988) Heparin like tubings HI. Kinetics and 
mechanism of thrombin, antithrombin HI and thrombin complex adsorption under 
controlled flow conditions. Biomaterials, 9:413-418

Miura Y, Aoyugi S et al (1980) The charateristic of anticoagulant by covanlently 
immobilized heparin. J Biomed Mater Res, 14:619

Miyama H, Harumiya N, Mori Y, Tanzawa H (1977) A new antithrombogenic 
heparinized polymer. J Biomed Mater Res, 11:251-265

Moll S, De Moerloose P, Rieber G, Schifferli J, Leski M (1990) Comparison of two 
hemodialysis membranes, polyacrylonitrile and cellulose acetate, on complement and 
coagulation systems. Int J Artif Organs, 13:273-279

Moncada S, Herman AG, Higgs EA, Vane JR (1977) Differential formation of 
prostacyclin (PGX or PGI2) by layers to the arterial wall. An explanation for the 
antithrombotic properties of the vascular endothelium. Thromb Res, 11:323-344

Mori Y, Nagaoka S, Takiuchi H, Kikuchi T, Noguchi N, Tanzawa H, Noshiki Y 
(1982) A new antithrombogenic material with long polyethyleneoxide chains. Trans 
Am Soc Artif Intern Organs, 28:459-463

Mottaghy KB, Oedekoven B, Schaich-Lester P, Pöppel K, Küpper W (1989) 
Application of surfaces with end point attached heparin to extracorporeal circulation 
with membrane lungs. Trans Am Soc Artif Intern Organs, 35: 146-152

Mottaghy K, Oedekoven B, Pöppel K, Kovacs B, Kirschfink M, Bruchmüller K, 
Kashefi A, Geisen C (1991) Heparin-coated versus non-coated surfaces for 
extracorporeal circulation, J Artif Organs, 14:721-728

Munro MS, Quattrone AJ, Ellswirth SR, Kulkarni P, Eberhart RC (1981) Alkyl 
substituted polymers with enhanced albumin affinity. Trans Am Soc Artif Intern 
Organs, 27:499-503

Munro MS, Eberhart RC, Maki NJ, Brink BE, Fry WJ (1983) Thromboresistant 
alkyl derivatized polyurethanes. Am Soc Artif Intern Organs J, 6:65-75

126



Murabayashi S and Nose Y (1986) Biocompatibility: bioengineering aspects. Artif 
Organs, 10: 114-121

Mustard, JF, Packham MA (1977) Normal and abnormal haemostasis. Brit Med 
Bull, 33:187-192

Nagaoka S, Mori Y, Takiuchi H, Yokota K, Tanzawa H, Nishiumi S (1984) 
Interaction between blood components and hydrogels with poly(oxyethylene) chains. 
In: Shalaby SW, Hoffman AS, Ramer BD, Horbett TA (eds) Polymers as 
biomaterials. Plenum Press, New York:361-374

Nagaoka S, Nakao A (1990) Clinical application of antithrombogenic hydrogel with 
poly(ethylene oxide) chains. Biomaterials, 11:119-121

Needleman SW, Hook JC (1982) Platelets and leukocytes. In: Haemostasis and 
thrombosis: Basic principles and clinical practice. Lippincott, Philadelphia^ 16-725

Nguyen AT, Lethias C, Zingraff J, Herbelin A, Naret C (1985) Hemodialysis 
membrane-induced activation of phagocyte oxidative metabolism detected in vivo and 
in vitro within microamounts of whole blood. Kidney Int, 28:158-167

Niemitz J (1972) Coagulant activity of leukocytes. Tissue factor activity. J Clin 
Invest, 51:307

Nilsson L, Storm KE, Thelin S, et al (1990) Heparin-coated equipment reduces 
complement activation during cardiopulmonary bypass in the pig. Artif Organs, 14: 
46-48

Nojiri C, Okano T, Jacobs HA, Park KD, Mohammad SF, Olsen DB, Kim SW 
(1990) Blood compatibility of PEO grafted polyurethane and HEMA/styrene block 
copolymer surfaces. J Biomed Mat Res, 24:1151-1171

Norde W, Lyklema J (1978) The adsorption of human plasma albumin and bovine 
pancreas ribonuclease at negatively charged polystyrene surface. I. Adsorption 
isotherms. Effect of charge, ionic strength and temperature. J Colloid Interface Sei., 
66:257-265

Nose Y, Tajima K, Imai Y (1971) Artificial heart constructed with biological 
material. Trans Am Soc Artif Intern Organs, 17: 482-487

Nose Y (1988) Long term compatibility of artificial kidneys. Artif Organs, 12:1

Nuijens JH, Huijbregts CCM, Cohen M, Navis GO, de Vries A, Eerenberg AJM, 
Bakker JC, Hack CE (1987) Detection of activation of the contact system of 
coagulation in vitro and in vivo: Quantification of activated Hageman factor-Cl 
inhibitor and Kallikrein-Cl inhibitor complexs by specific radioimmunoassays. 
Thromb Haemostas, 58:778-785

127



Nurden AT, Caen JP (1976) Role of surface glycoproteins in human platelet function.
Thromb Haemostas, 35: 139-150

Nurden AT, Caen JP (1978) Membrane glycoproteins and human platelet function. 
Br J Haematol 38(2): 155-60

Ogston D (1983) The physiology of hemostasis. Croom Helm. London.

Ohshiro T, Kosaki G (1980) Urokinase immobilized on medical polymeric materials: 
fundamental and clinical studies. Artificial Organs 4: 58-64

Ohshiro T (1983) Antithrombogenic characteristics of immobilized urokinase on 
synthetic polymers. In: Szycher M (ed) Biocompatible polymers, metals, and 
composites. Technomic, Lancaster, Pennsylvania, pp 275-299

Olsson P Lagergren H, Larsson R (1977) Prevention of platelet adhesion and 
aggregation by a glutardiadehyde stabilized heparin surface. Thromb Haemostas, 
37:274

Owen WG, Esmon CT (1981) Functional properties of an cofactor for thrombin- 
catalysed activation of protein C. J Biol Chern, 256:5523-5535

Owen DR, Chen CM, Oschner JA, Zone RM (1985) Interactions of plasma proteins 
with selective artificial surfaces. Trans Am Soc Artif Intern Organs, 31:240-243

Packham MA, Evans G, Glynn MF, Mustard JF (1969) The effect of plasma proteins 
on the interaction of platelets with glass surfaces. J Lab Clin Med, 73:686-679

Palatianos GM, Dewanjee MK, Kapadvanjwala M, Novak S, Sfakianakis GN, Kaiser 
GA 1990 Cardiopulmonary bypass with a surface heparinized extracorporeal 
perfusion system. Trans Am Soc Artif Intern Organs, 36: M476-M479

Park KD, Okano T, Nojiri C, Kim SW (1988) Haperin immobilization onto 
segmented polyurethaneurea-effect of hydrophilic spaces. J Biomed Mater Res, 
22:977-992

Pasche B, Kodama K, Lärm O, Olsson P, Swedenborg J (1986) Thrombin 
inactivation on surfaces with covalenetly bound heparin. Thromb Res, 44:739-748

Patrono C, Ciabattoni G, Pinea E (1980) Low dose aspirin and inhibition of 
thromboxane B2 production in healthy subjects. Thrombosis Research, 17:317-327

Payne MS and Horbett TA (1987) Complement activation by 
hydroxyethylmethacrylate-ethylmethacrylate copolymers. J Biomed Mater Res, 
21:843-859

128



Phillips DR, Jennings LK, Prasanna HR (1980) Ca2+-mediated association of 
glycoprotein G (thrombin-sensitive protein, thrombospondin) with human blood. J 
Biol Chern, 225:11629-11632

Plate NA, Valuev LI (1983) On the mechanism of enhanced thromboresistance of 
polymeric materials in the presence of heparin, Biomaterials, 4:14-20

Ramer BD, Horbett T, Hoffman AS, Hauschka SD (1975a) Cell adhesion to 
polymeric materials. Implications with respect to biocompatibility. J Biomed Mater 
Res, 9(5) 407

Ramer BD, Hoffman AS, Whiffen JD (1975b) Blood compatibility of radiation- 
grafted hydrogels. Biomat Med Devices Artif Organs, 3(1) 115

Ramer BD, Horbett TA (1984) Protein adsorption to contact lens material, Trans Soc 
Biomaterials, 7:76

Rea WJ, Whitley D, Eberle JW (1972) Long-term membrane oxygenation without 
systemic heparinization. Trans Am Soc Artif Intern Organs, 18: 316-320

Ringoir S and Vanholder R (1986) An introduction to biocompatibility. Artif Organs, 
10: 20-27

Ringoir S and Vanholder R (1990) New trends in dialysis. Contrib Nephrol, 82: 102- 
106

Robertson LM (1988) Blood compatibility of modified biomaterials: application of 
selected in vitro and ex vivo procedures, PhD Thesis, University of Strathclyde, 
Glasgow

Robertson LM, Courtney JM, Irvine L, Jones C and Lowe GDO (1990) Modification 
of the blood compatibility of hemodialysis membranes. Artif Organs, 14:(Suppl 2) 
41-43

Rosenberg RD, Rosenberg JS (1984) Nature anticoagulant mechanism, J Clin Invest, 
74:1-6

Sa da Costa V, Brier-Russell D, Trudell G, Waugh DF, Salzman EW, Merrill EW 
(1980) Polyether-polyurethane surfaces: thrombin adsorption, platelet adsorption, and 
ESCA scanning. J Colloid Interface Sei, 76:594

Sa da Costa V, Brier-Russell D, Salzman EW, Merrill EW (1981) ESCA study of 
polyurethanes: blood platelet activation in relation to surfaces composition. J Colloid 
Interface Sei, 80:445

129



Saba HJ, Herion JC, Walker RI, Roberts HR (1973) 
granulocytes. Pro Soc Exp Biol Med, 142:614

The procoagulant activity of

Saito H, Ratnoff OD, Pensky J (1976) Radioimmune assay of human Hageman factor 
(factor XU), J Lab Clin Med, 88:506-516

Salama A, Hugo F, Heinrich D, Kiefel V, Muller-Eckhardt C, Bhakdi S (1987) 
Deposition of C5b-9 complexs on erythrocytes and blood leukocytes during 
cardiopulmonary bypass (Abstract). Complement, 4:220

Salzman EW, Lindon J, Brier D, Merrill EW (1977) Surface-induced platelet 
adhesion, aggregation, and release. Ann N Y Acad Sci, 283:114

Sanada T, Ito Y, Sisido M, Imanishi Y (1986) Adsorption of plasma proteins to the 
derivatives of polyaminoetherurethaneurea: The effect of hydrogen-bonding property 
of the material surface, J Biomed Mat Res, 20: 1179-1195

Schmer G (1972) The biological activity of covalently immobilized heparin. Trans 
AM Soc Artif Intern Organs, 18:321-323

Schmer G, Teng LNL, Cole JJ, Vizzo JE, Francisco MM, Scribner BH (1976) 
Successful use of a totally heparin grafted hemodialysis system in sheep. Trans Am 
Soc Artif Intern Organs, 22:654-662

Schmer G, Teny LNL, Vizzo JE, Graefe U, Milutinovich J, COle JJ, Scribner BH 
(1977) Clinical use of a totally heparin grafted hemodialysis system in uremic 
patients. Trans Am Soc Artif Intern Organs, 23:177-183

Schmitt A, Varoqui R, Uniyal S, Brash JL, Pusineri C (1983) Interactions of 
fibrinogen with surface of varying charge and hydrophobic-hydrophilic balabce. I. 
Adsorption isotherms, J Colloid interface Sci, 92:25-34

Schmitt E, Holtz M, Klinkmann H, Esther G, Courtney JM (1983) Heparin binding 
and release properties of DEAE cellulose membrane. Biomaterials, 4:309-313

Sefton MV, Merril EW (1976) Surface hydroxylation of styrene-butadiene-styrene 
block copolymers for biomaterials. J Biomed Mat Res, 10:33-45

Sefton MV, Llanos G, Ip WF (1990) Platelet consumption by polyvinyl alcohol 
(PVA) hydrogels and modified PVA surfaces. Pro ACS Divi Polym Mater Sci Eng, 
62:741-745

Shaldon S, Deachodt G, Branger B (1985) Haemodialysis hypotension: the interleukin 
hypothesis restated. Proc EDTA-ERA, 22:220-245

Shanna CP and Szycher M (1991) Blood compatible materials and devices. 
Pennsylvania

130



MA, Levine SP (1980) Relationship between secretion of platelet factor 4 
and thrombin generation during in vitro blood clotting. J Clinical Invest, 65:307-313

Silverberg M, Dunn JT, Garen L, Kaplan AP (1980) Autoactivation of human 
Hageman factor. J Biol Chem, 255: 7281-7286

Sipehia R, Chawla AS (1982) Albuminated polymer surfaces for biomedical 
application. Biomat Med Dev Art Organs, 10:229-246

Snyder RW, Botzko KM (1982) Woven, knitted and externally supported Dacron 
vascular prostheses. In: Stanley JC (ed) Biologic and synthetic vascular prostheses. 
Grune and Stratton, New York, pp 488-489

Stemerman MB, Baumgartner HR, Spaet TH (1971) The subendothelial microfibril 
and platelet adhesion. Lab Investigation, 24:179-183

Stormorken (1971) Platelets, thrombosis and hemolysis. Fed Proc, 30:1551-1555

Streicher E and Schneider H (1977) Asymmetric polyamide hollow-fibre filters in the 
haemofiltration system. J Dialysis, 1(7): 727-736

Sugitachi A, Tanaka M, Kawahara T, Takagi K (1980) Antithrombogenicity of UK- 
immobilized polymer surfaces. Trans Am Soc Artif Intern Organs, 26: 274-278

Sundaram S (1992) private conversation

Sundaram S (1993) Contact action phase of blood coagulation during in vitro blood­
biomaterial interactions and clinical applications, PhD thesis, University of 
Strathclyde, Glasgow, UK

Szycher M, Poirier V, Bernhard WF, Franzblau C, Haudenschild CC, Toselli P 
(1980) Integrally textured polymeric surfaces for permanently implantable cardiac 
assist devices. Trans Am Soc Artif Intern Organs, 26: 493-498

Szycher M (1983) Thrombosis, hemostasis, and thrombolysis at prosthetic interfaces. 
In: Szycher M (ed) Biocompatible polymers, metals, and composites. Technomic, 
Lancaster, Pennsylvania, USA.

Takahara A, Tashita J, Kajiyama T, Takayanagi M, Macknight WJ (1985) 
Microphase separated structure, surface composition and blood compatibility of 
segmented poly(urethaneureas) with various soft segment components. Polymer, 
26:987-996

Takahara A, Okkema AZ, Wabers H, Cooper SL (1991) Effect of hydrophilic soft 
segment side chains on the surface properties and blood compatibility of segmented 
poly (urethaneureas). J Biomed Mat Res, 25.1095-1118

131



Tanzawa H, Mon Y, Harumiya N, Hori M, Ohshima N, Idezuki Y (1973) 
Preparation and evaluation of a new antithrombogenic heparinised hydrophilic 

USe m cardiovascular system- Trans Am Soc Artif Intern Organs.
19:188-194 b

Thunberg L, Bäckström G, Lindahl U (1982) Further characterization of the 
antithrombin-binding sequence in heparin. Carbohydr Res, 100:393-410

Todd AS (1964) Localisation of fibrinolytic activity in tissues. Br Med Bull 20’210- 
212

Tong S-D, Rolfs MR, Hsu L-C (1990) Evaluation of Duraflo II heparin immobilized 
cardiopulmonary bypass circuits. Trans Am Soc Artif Intern Organs, 36: M654-M656

Tortora GJ, Anagostakos ND (1987) Principles of anatomy and physiology. HARPER 
& ROW, PUBUSHERS, New York

Travers M, Courtney JM, Douglas JT, Forbes CD, Lowe GDO, Falkenhagen D, 
Klinkmann H (1986) Hemodialysis membranes and the platelet release reaction. In: 
Nose Y, Kjellstrand C, Ivanovich P (eds) Progress in artificial organs-1985, ISAO 
Press Cleveland

Travers M (1987) In vitro and clinical investigation of blood-membrane interactions: 
Influence on platelets and the immune system of membrane structure and 
antithrombotic agents. PhD Thesis, University of Strsthclyde, Glasgow

Uniyal S, Brash JL (1982) Patterns of adsorption of proterins from human plasma 
onto foreign surfaces. Thromb Haemostat, 47:285-290

Uniyal, S, Brash JL, Degterev IA (1982) Influence of red blood cells and then- 
components on protein adsorption, Amer Chern Soc Adv Chern, 199:277-292

Usdin VR, Fourt L (1969) Effect of proteins on elution of heparin from 
anticoagulant surfaces. J Biomed Mater Res, 3:10/-113

van Boeckel CAA et al (1985) Synthesis of a pentasaccharide coresponding to the 
antithrombin HI binding gragment of heparin. J Carbohydrate Chern, 4.29?

Vanholder R, Ringoir S (1989) Bioincompatibility: an overview. Int J Artif Organs, 
12:356-365

Vanholder R, Ringoir S, Dhondt A, Hakim R (1991) Phagocytosis in uremic and 
hemodialysis patients: a prospective and cross section study. Kidney Int. 39: 320-327

Videm V, Nilsson L, Venge P, Svennevig JL (1991) Reduced granulocyte activation 
with a heparin-coated device in an in vitro model of cardiopulmonary bypass. 
Artificial Organs, 15: 90-95

132



Vroman L, Adams AL, Fischer GC, Munoz PC (1980) Interaction of high molecular 
weight kininogen, Factor XII, and fibrinogen in plasma at interfaces. Blood 55-156- 
159

Vulic I, Okano T, Kim SW, Feijen J (1988) Synthesis and charaterization of 
polystyrene-poly (ethylene oxide)-heparin block copolymers. J Pol Sei Chern 
26:381-391

Walsh PN, Griffin JH (1981) Contribution of human platelets to the proteolytic 
activation of blood coagulation factors XU and XI. Blood, 57: 106-118

Weathersby PK, Horbett TA, Hoffman AS (1977) Adsorption of fibrinogen to 
surfaces of varying hydrophilicity. J Bioeng, 1:395-409

Wegmuller E, Montandon A, Nydegger U, Descoeudres C (1986) Biocompatibility 
of different hemodialysis membranes: Activation of complement and leukopenia. 
Int J Artif Organs, 9:85-92

Weng D, Gaylor JDS, Courtney JM, Lowe GDO 1991 In vitro investigation of blood­
biomaterials interactions. Artificial Organs, 15:

Whicher SJ, Brash JL (1978) Platelet-foreign surface interactions: release of granule 
constituents from adherent platelets. J Biomed Mater Res, 12:181-201

Williams DF (ed) (1987) Definitions in biomaterials. Elsevier, Amsterdam, The 
Netherlands

Wonders T, Huttermeier P, Berry D, Schutte A, Kong D, Watkins WD, Zapol WM 
(1983) Complement depletion prevents pulmonary hypertension and leukopenia in 
sheep extracorporeal membrane oxygenation. Trans Am Soc Artif Int Organs, 29:210- 
214

Wright DG, Kauffman JC, Terpstra GK, Graw RG, Deisseroth AB, Gallin JJ (1978) 
Mobilization and exocytosis of specific (secondary) granules by human neutrophils 
during adherence to nylon wool infiltration leukapheresis (FL). Blood, 52:770-782

Yen SPS, Rembaum A (1971) Complexes of heparin with elastomeric positive 
polyeletrolytes. J Biomed Mater Res Symp, 1:83-97

Young BR, Lambrecht LK, Albrcht RM, mosher DF, Cooper SL (1983) Platelet­
protein interactions at blood-polymer interfaces in the canine test model. Trans. Am. 
Soc. Artif. Int. Organs, 29:442-446

Yu J, Sundaram S, Weng D, Courtney JM, Moran CR, Graham NB (1991) Blood 
interactions with novel polyurethaneurea hydrogels. Biomaterials, 12. 119-120

133



Ziats NP, Pankowsky DA, Tierney BP, Ratnoff OD, Anderson JM (1990) Adsorption 
of Hageman factor (factor XU) and other human plasma proteins to biomedical 
polymers, J Lab Clin Med, 116:687-696

Ziats NP, Topham NS, Pankowsky DA, Anderson JM (1991) Analysis of protein 
adsorption on retrieved human vascular grafts using immunogold labelling with silver 
enhancement, Cell & Mater, 1:73-82

Zwaal RF, Comfurius P, van Deenen UM (1977) Membrane asymmetry and blood 
coagulation. Nature, 268:358-360

Zwaal RFA, Beavers EM (1983) IN: Doodyn DB (ed) Haemostasis subcellular 
biochemistry, Plenum, New York, 9:299

134


