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Det blir allt vanligare att man använder kroppsfrämmande material i dagens 
sjukvård. Materialen, som kan utgöra allt ifrån slangar, dialysmembran, 
katetrar, blodpumpar och proteser m.m., används för att bota patienter eller för 
att minska symptomen från olika typer av sjukdomar. Dessa typer av 
kroppsfrämmande material kallas för biomaterial eftersom de är avsedda att 
komma i kontakt med biologiska vävnader i kroppen, t.ex. blod.   

 
Trots att biomaterialen är avsedda att hjälpa patienten, och även gör det i de 

flesta fallen, kan vårt immunförsvar reagera mot själva materialet vilket leder till 
biverkningar för individen. Dessa biverkningar varierar mycket i omfattning 
och kan vara så milda att de inte märks av, men även så kraftiga att patienten 
blir allvarligt sjuk och i värsta fall avlider av kroppens reaktion mot det 
främmande materialet. Det finns två huvudsakliga anledningar till att vårt 
immunförsvar reagerar så kraftigt mot vissa material. Det ena är att de 
uppfattas som en främmade och potentiellt farlig yta (jämför med ytan av en 
bakterie, virus och parasit) och immunförsvaret försöker därför att eliminera 
ytan vilket startar en kraftig inflammationsreaktion. Det kan även bero på att 
ytan saknar de ytstrukturer (inhibitorer och regulatorer) som finns naturligt på 
våra egna celler och som skyddar dem mot en attack av immunförsvaret.  

 
Genom att förändra komponentsammansättningen i biomaterialen som 

används, eller genom att täcka materialytan med molekyler som har speciella 
egenskaper, kan man ändra hur kroppen uppfattar ett material. På så vis kan 
man undvika att kroppen reagerar fullt så kraftigt mot något som egentligen är 
ofarligt. 

 
I denna avhandling ingår fem delprojekt där det övergripande målet har 

varit att öka förståelsen kring hur olika plastmaterial aktiverar vårt 
immunförsvar. I några av projekten har vi kopplat på speciella ytstrukturer på 
befintliga material och på så vis minskat immunförsvarets reaktion mot 
materialet. I de andra projekten har vi tillverkat en rad nya plastmaterial och 
kartlagt hur dessa påverkar immunreaktionen. Våra resultat har visat att det går 
att modifiera biomaterialytor på åtskilliga vis för att minska kroppens 
bortstötningsreaktion av materialet. Resultaten visar även att immunförsvarets 
reaktion mot främmande material är en mycket komplex process som behöver 
fortsatt intensiv forskning innan vi kan nå fram till det optimala materialet för 
att använda i kontakt med blod. 

1 



LIST OF PUBLICATIONS 
 

 

This thesis is based on the following articles: 
 
I. Hirudin versus heparin for use in whole blood in vitro biocompatibility 

models. Fredrik Bexborn, Anna E. Engberg, Kerstin Sandholm, Tom Eirik 
Mollnes, Jaan Hong, Kristina Nilsson Ekdahl. J Biomed Mater Res A, 2009. 
89(4): p. 951-9. 

 
II. Inhibition of complement activation on a model biomaterial surface by 

streptococcal M protein-derived peptides. Anna E. Engberg, Kerstin 
Sandholm, Fredrik Bexborn, Jenny Persson, Bo Nilsson, Gunnar Lindahl, 
Kristina Nilsson Ekdahl. Biomaterials, 2009. 30(13): p. 2653-9. 

 
III. Immobilization of apyrase creates an antithrombotic biomaterial 

surface. Per H. Nilsson, Anna E. Engberg, Jennie Bäck, Lars Faxälv, Thomas 
Lindahl, Bo Nilsson, Kristina Nilsson Ekdahl. Submitted. 

 
IV. Blood protein-polymer adsorption fingerprinting: Implications for 

understanding hemocompatibility and for biomaterial design. Anna E. 
Engberg, Jenny P. Rosengren-Holmberg, Hui Chen, John D. Lambris, Ian A. 
Nicholls, Kristina Nilsson Ekdahl, Submitted. 

 
V. Evaluation of the hemocompatibility of novel polymers. Anna E. 

Engberg, Jenny P. Rosengren-Holmberg, Jennie Bäck, Per H. Nilsson, Tom 
Eirik Mollnes, Ian A. Nicholls, Bo Nilsson, Kristina Nilsson Ekdahl. 
Manuscript.  

 
 
Reprints were made with permission from the respective publisher. 
 

 

2 
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ADP Adenosine diphosphate 
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APW Alternative pathway of complement activation 
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PAR Protease-activated receptor 
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PVC Poly(vinyl chloride) 
RCA Regulator of complement activation 
sC5b-9 Soluble terminal complement complex 
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SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
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INTRODUCTION 
 
 
The use of synthetic materials in devices employed in modern, clinical 

medicine is constantly increasing. All current devices, including stents, 
hemodialyzers, tubing, prostheses, blood pumps and catheters etc. are intended 
to cure or relieve the patient from various states of disease. The synthetic 
materials are referred to as biomaterials, which are a general term for all 
materials that are intended to come in contact with tissues, such as the blood, 
within the body. The materials should be biocompatible, and the term 
biocompatibility can be defined as: acceptance of an artificial material by the 
surrounding tissues and by the body as a whole [1]. 

 
All biomaterials will come in contact with blood at some point, either just 

briefly during implantation or constantly when functioning. How well a foreign 
material and the blood interact is referred to as hemocompatibility. Poor 
hemocompatibility will lead to side effects caused by the patients’ immune 
system, which recognizes the material as foreign, potentially dangerous and 
something that should be destroyed and eliminated. This reaction may lead to 
several types of side effects of various significance, including anaphylactic 
reactions, increased risk of clot formations, acute or chronic inflammation, 
renal- and pulmonary dysfunction [2, 3], as well as encapsulation of, and loss of 
function of the device [4]. 

 
When blood comes in contact with a foreign material the first event that 

will take place is a rapid adsorption of plasma proteins. The composition of the 
adsorbed protein layer will be determined by the physical chemical properties of 
the surface of each specific material [5]. Since the layer of adsorbed proteins 
rapidly will cover the whole interface between the foreign material and the 
blood, it is of major importance for the outcome of the contact. Poor 
hemocompatibility will lead to biomaterial-induced immunological- and 
inflammatory responses, including activation of blood defense systems, such as 
complement-, and coagulation system.  

 
The complement system consists of approximately 30 proteins both soluble 

and membrane bound. The main purpose of the complement system is to 
attack and clear foreign- and altered self substances circulating in the body. 
Complement activation can occur on any surface lacking the proper regulators, 
including the surfaces of bacteria, viruses and parasites, as well as on surfaces 
that adsorb proteins, such as a biomaterial surface [6].  
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The primary function of the coagulation system is to form fibrin clots, to 
avoid bleeding in case of damage to the endothelium of a blood vessel. 
However, this powerful cascade system may also be triggered by surfaces of 
foreign materials, lacking the appropriate regulators or having non-favorable 
surface chemistry, resulting in the formation of blood clots at the site of 
implantation. Once these potent defense systems are triggered generation of 
signal molecules, as well as activated proteins, will recruit and activate immune 
cells, such as granulocytes, monocytes and platelets at the site of activation and 
an immunologic attack will be initiated against the material [2]. 

 
The focus of this thesis has been to study the blood-material interaction 

both on protein and cellular levels, with the main goal being to decrease the 
material-induced activation of the complement and the coagulation cascades, 
together with platelet activation. The aims of the papers were: 

 
I: To evaluate the effects of the anticoagulant agent hirudin in a whole 

blood model for in vitro studies of the complement system.  
 
II: To create a self-regulatory biomaterial surface, by attaching microbial 

peptides with affinity for human C4b-binding protein (C4BP), a regulator of 
the classical pathway of the complement cascade.  

 
III: To reduce the platelet-induced coagulation activation caused by 

artificial surfaces, by attaching an active enzyme to the surface. The enzyme, 
apyrase, possesses the capability of hydrolyzing NTP and NDP. 

 
IV and V: To synthesize an array of polymer compositions, and characterize 

them with regard to their physical chemical properties. Further, their ability to 
adsorb proteins was analyzed, followed by identification of several of the 
proteins. The hemocompatibility of the polymers was analyzed using whole 
blood and the results from these studies were correlated to the observed 
adsorption of proteins. Moreover, by measuring the generation of several 
cytokines, we wanted to determine the degree of biomaterial-induced 
inflammation caused by the evaluated polymers. 
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1. BLOOD 
 

 

Blood is a highly specialized tissue which transports nutrients, gases and 
waste products to and from all of the cells in our body. The blood consists of 
several different types of blood cells (erythrocytes, leukocytes and platelets, see 
Figure 1) which are suspended in a liquid, called blood plasma. Even though 
the blood is considered to be liquid, it should be noted that 45% of the blood 
volume actually consists of cells. The blood volume for a human being is 
approximately 3 to 6 liters [7].  
 

 
 

Figure 1: A scanning electron microscope image of normal blood. The photo illustrates disc-shaped 

erythrocytes, rough-surfaced leukocytes and small platelets. Image source: National Cancer Institute, 

photographers: Bruce Wetzel and Harry Schaefer. 

2.1 Blood plasma and serum 
 

The blood plasma is the liquid remaining after removal of the blood cells. 
Plasma consists of 90% water, and the remaining 10% is comprised of essential 
components such as proteins, peptides, glucose, fatty acids and ions. The 
protein concentration in human plasma is 60-80 g/L and so far several 
thousand proteins have been identified. Despite the enormous number of 
proteins present in plasma, it should be noted that the ten most abundant 
plasma proteins represent approximately 90% of the total protein concentration 
[8].  
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The most abundant protein in plasma is human serum albumin (HSA) 
which has several functions, including maintenance of the osmotic pressure and 
transportation of smaller proteins, peptides and ions. Other important groups 
of plasma proteins include transport proteins, lipoproteins and defense 
proteins. The group defense proteins include proteins of the complement 
system, the coagulation cascade and immunoglobulins, which are essential in 
this thesis. 

 
Blood serum is similar to plasma, however, the coagulation proteins have 

been allowed to clot, and are thereby removed together with the blood cells by 
centrifugation. Serum is often used in in vitro complement studies; however, 
plasma is considered to be of higher biological relevance due to the presence of 
coagulation factors which allows the important crosstalk between the cascade 
systems in the blood [9, 10]. 

Multipotential
hematopoietic stem cell

Common myeloid 
progenitor

Common lymphoid 
progenitor

ErythrocyteMegakaryocyte

Platelets

Mast cell

Neutrophil Eosinophil B-lymphocyte T-lymphocyte

Macrophage

Basophil Monocyte

Myeloblast Lymphoid stem cell Natural killer cell

Plasma cell

 

Figure 2: The development from a hematopoietic stem cell, to mature and specialized blood cells. See 

text for details. Cartoons used in the picture were obtained from Clker.com - clip art - public 

domain royalty free clip art. 
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2.2 Erythrocytes 
 

Erythrocytes are small (8 μm), non-nucleated cells and are the most 
abundant cells in the blood (40-45% of the blood volume) and they are often 
referred to as red blood cells. The main property of these disc-shaped cells is to 
deliver inhaled oxygen (O2) from the lungs to all tissues throughout the body, 
and to carry parts of the waste carbon dihydroxide (CO2) back to the lungs 
where the gas will be exhaled. The gas binding property of the erythrocytes is 
executed by the protein hemoglobin, which iron-containing heme-groups are 
specialized for reversible binding of oxygen. It is estimated that 1012 new 
erythrocytes are synthesized every day and the average life span is 120 days [7]. 
 

2.3 Leukocytes  
 

Leukocytes are also called white blood cells and constitute approximately 
1% of the blood volume in a healthy adult. Leukocytes, which are nucleated, 
are an important part of the immune system which will defend the body from 
intruding bacteria, viruses and parasites. There are different types of white 
blood cells, including granulocytes, monocytes, macrophages, and lymphocytes 
(see Figure 2). 
 

2.3.1 Granulocytes 
 
Granulocytes can be divided into three sub-groups of cells: neutrophil-, 

eosinophil-, and basophilic granulocytes, where neutrophils are by far the most 
abundant. Neutrophils are 12-15 μm in diameter and the normal range found 
in a healthy adult is 2-7 x 109/L. At any given time, only 2% of the neutrophils 
are found in the circulation where they will stay for 6-10 h, thereafter the cells 
will migrate into the tissues, where they will remain active for 2-6 days, 
depending on the clinical conditions. Neutrophils are specialized in localizing 
the site of infection (by following released chemokines), migrate towards the 
microorganism (or other activators) and engulf the opsonized target by 
phagocytosis and thereby eliminating the invading microorganism. Neutrophils 
are absolutely crucial for a functional immune system, and to secure the 
availability of neutrophils, the bone marrow contains a reserve pool of mature 
neutrophils about 20 times larger than the number of neutrophils found in the 
circulation.  

 
Eosinophils and basophiles circulate at low numbers in the blood (0.04-0.4 

x 109 and 0.01-0.1 x 109/L, respectively) and upon stimulation the cells will 
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migrate to the site of activation. Under physiological conditions the life span of 
those cells are only a few days. The two cell types have extensive granules in 
their cytoplasm containing both cytotoxic and inflammatory stimulating 
substances [11].  

 

2.3.2 Mononuclear phagocytes  
 
Mononuclear phagocytes are the common name for monocytes and 

macrophages. Monocytes (15-20 μm) represent 10% of the total leukocyte 
population in human blood and are the precursor cells of macrophages. The 
monocytes possess migratory and phagocytic activity and are found in the 
circulation for 1-3 days, before the cells migrate into various tissues and 
differentiate into macrophages. The term macrophage (big eater) was used for 
the first time by Metchnikoff (1893) to describe a large cell type with the ability 
to engulf bacteria. These cells (approximately 20 μm) are found in all tissues 
throughout the body and macrophages are an important part of the innate 
immunity, possessing the ability to recognize, engulf and destroy a wide range 
of pathogens, including bacteria, fungi, protozoa and helminths. The 
macrophage also functions as an antigen presenting cell (APC), and upon 
phagocytosis the macrophages will degrade the foreign proteins and process 
antigens for presentation on the cell surface. Additionally, macrophages 
together with monocytes are important sources of cytokines, which will act by 
activating neighboring cells [12].  

 

2.3.3 Lymphocytes 
 

The lymphocyte population consists of B-cells, T-cells and natural killer-
cells (NK-cells).  B-cells are an important part of the humoral immune system 
due to their ability to recognize microbes, internalize them by phagocytosis, 
present the antigens to the surrounding cells and produce antibodies against the 
recognized structure. Activated B-cells can differentiate into plasma cells or 
memory cells. Plasma cells are specialized in producing high levels of 
antibodies, ranging from hundreds to thousands of antibodies per cell and 
second. Memory cells can survive for several years and will mediate a rapid 
response to subsequent exposure to an antigen. T-cells are crucial for the cell-
based immune response and can be further divided into helper-, cytotoxic-, and 
memory T-cells. Thelper-cells will be activated then APC’s present MHC II-
associated antigens, which will lead to a rapid division of the cells, along with 
the release of a broad range of cytokines. Tcytotoxic-cells recognizes antigens 
displayed by the MHC I, found on all nucleated cells, and have the ability to 
kill the infected or otherwise damaged cells by the release of cytotoxic 
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substances. Tmemory-cells posses the ability to remember an antigen from prior 
exposure and in case of a second exposure these cells are able to divide rapidly 
and provide a fast and effective immune response. NK-cells are cytotoxic 
lymphocytes with the ability to release large amounts cytokines and chemokines 
upon activation. NK-cells possess the ability to recognize and destroy several 
types of tumor cells without prior exposure, which gave this cell type its name 
[13].  
 

2.4 Platelets  
 

Platelets are also known as thrombocytes and a normal platelet count is 
150-400 x 109 cells/L blood. The cells are derived from the precursor cells, 
megakaryocytes, which constantly release platelets via fragmentation 
(approximately 1011 platelets / day in a healthy adult). The normal life span for 
a resting platelet is 8-12 days. Platelets are non-nucleated and the smallest cells 
in the blood, with a diameter of 2-3 μm. 

 
Platelets play a critical role in maintaining the hemostasis. When a vessel 

wall is injured, platelets from the circulation are recruited to the unveiled 
subendothelial matrix, and after activation the platelets will form a hemostatic 
plug which will abrogate the immediate bleeding (for details about platelet 
activation see section 4.1). The shape of a resting platelet is biconvex disc-
shape, but in response to stimuli the platelet will lose the discoidal shape and 
within seconds obtain an irregular shape with long pseudopods. These pod-like 
structures are crucial for direct contact between the activated platelet and other 
platelets, as well as other blood cells. 

 

2.4.1 Platelet granules  
 
Platelets contain three different types of granules: α-granules, dense 

granules, and lysosomes, which are released upon activation of the platelets (see 
Table 1). The α-granules are round (200-500 nm) and a typical platelet 
contains about 50-80 α-granules, which is estimated to occupy 6-15% of the 
total platelet volume. The α-granules are major storage compartments for 
several hundred soluble components, including proteins (e.g. HSA, 
thrombospondin, platelet factor 4, integrins, P-selectin, and von Willebrand 
factor), coagulation factors (e.g. factor V, VII, XI and XIII) inflammatory 
chemokines (e.g. RANTES, MIP-α), and growth factors (e.g. platelet derived 
growth factor) [14-17].  
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The dense granules are 250-300 nm in diameter and approximately 5-7 
dense granules are found in each platelet. These granules contain small 
molecules critical for promoting further platelet activation, including 
ADP/ATP, serotonin and calcium. Platelet lysosomes are typically 175-250 
nm and contain a variety of acidic hydrolases and other proteins. The granules 
are released upon different stimuli. The α-granules and dense granules are 
released upon stimulation with almost any known agonist, while the lysosomes 
need stimuli from a strong activator (thrombin or collagen) in order to release 
the contents to the surroundings [14, 16, 18].  

 
 

Table 1: Major platelet agonists.  

Platelet agonists 

 

Potency   Main biological response on platelets 

 

Collagen 

 

Strong 

 

Platelet activation and release of all 3 types of granules. 

Thrombin Strong Platelet activation and release of all 3 types of granules. 

Thromboxane A2  (TXA2) Intermediate Stimulates activation of neighboring platelets and 

promotes aggregation. 

ADP Weak Induces release of granules, stimulates activation of 

neighboring platelets. 

Serotonin Weak Amplifies the aggregation and stimulates granule 

release. 

 

 
 

2.4.2 Platelet receptors 
 
The platelet has multiple receptors on the cell membrane including, 

glycoprotein (GP) Ia/IIa, GPIb/V/IX, GPIIb/IIIa, protease activated receptors 
(PARs), P-selectin, and CD40L (see Table 2). GPIa/IIa is the predominant 
collagen receptor of human platelets, and promotes contact between the 
activated platelet and the collagen exposed at the site of a vessel wall injury, 
enabling platelet adhesion [19]. GPIb/V/IX binds to the protein von 
Willebrand factor to initiate platelet-vessel wall contact, as well as platelet-
platelet contact via vWF-bridges [20]. GPIIb/IIIa is responsible for platelet 
binding to adhesive ligands, most notably fibrinogen, but also other proteins 
such as collagen and von Willebrand factor. GPIIb/IIIa on a resting platelet is 
inactive, but upon activation of the platelet the receptor is activated and 
becomes able to bind the ligands [17].  
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Protease-activated receptors (PARs) are cell-surface G-coupled receptors 
and the human platelet has two PARs: PAR1 and PAR4. PAR1 acts as the 
principal thrombin receptor and is able to induce platelet activation by sub-
nanomolar concentrations of thrombin, while PAR4 requires 10-30 fold more 
thrombin to induce full platelet activation [21, 22]. P-selectin (CD62P) is a 
glycoprotein that exclusively is expressed on the membrane of the α-granules of 
resting platelets. However, upon release of the α-granules, the granule 
membrane will fuse with the platelet membrane, exposing the P-selectin on the 
platelet surface. P-selectin, together with CD40L, is able to mediate platelet 
binding to endothelial cells, neutrophils and monocytes [17]. 

 
 

Table 2: Major platelet receptors.  

Platelet receptor 

 

Main ligand  Biological function 

 

GPIa/IIa 

 

Collagen 

 

Adhesion 

GPIb/V/IX von Willebrand factor (vWF) Adhesion and aggregation 

GPIIb/IIIa Fibrinogen, vWF and collagen Aggregation and adhesion 

GPVI Collagen Adhesion 

PAR1 Thrombin Activation 

PAR4 Thrombin  Activation  

P-selectin P-selectin glycoprotein ligand-1 

(PSGL-1), present on leukocytes 

Leukocyte recruitment and aggregation 

CD40L CD40, present on leukocytes Leukocyte recruitment and aggregation 

 

 
 
The main function of platelets are as mentioned above to regulate 

hemostasis, however the small multifunctional cells have also been shown to be 
crucial for inflammation and wound healing [23-25].   

 

2.5 Cytokines 
 

Cytokines are a large group of soluble molecules (peptides, proteins or 
glycoproteins) that are responsible for intercellular communication. Cytokines 
are generated by a broad range of immune cells and other cell types upon 
various stimuli, and cytokines often have pleiotropic activities. The small signal 
molecules are involved in widely diverse processes such as development, tissue 
regeneration, hematopoiesis, inflammation and immune responses. Further, the 
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generation of certain cytokines is considered to be important markers of 
inflammation in experiments in vitro and in vivo [26, 27]. 

 
The cytokines are a heterogeneous group which can be further be divided 

into: chemokines, interleukins and growth factors. Chemokines mediate 
chemoattraction of mainly leukocytes to the site of activation; interleukins are 
effector molecules mainly released by leukocytes and act primarily on other 
leukocytes; and growth factors are, as the name implies, molecules that induce 
growth in various ways, such as cell proliferation and angiogenesis [13, 25, 28]. 
 

 

Table 3: The cellular source and the main inflammation-related functions of selected cytokines, 

important for paper V. 

Cytokine Abbreviation Main Cell 

Source 

 

Main Immunologic Action 

 

    

Interleukin 1β IL-1β Macrophages, 

monocytes and 

dendritic cells 

Pro-inflammatory, due to the ability to 

induce fever, activate immune cells and 

upregulate adhesion molecules on 

endothelial cells. 

 

Interleukin 1 

receptor 

antagonist 

 

IL-1Ra 

 

Macrophages and 

monocytes 

 

Anti-inflammatory, due to competitive 

binding to the IL-1 receptor. A biological 

inactive molecule. 

 

Interleukin 2 

 

IL-2 

 

T-cells 

 

Pro-inflammatory, due to induction of 

growth, proliferation, and activation of 

several immune cells, including T-cells 

and macrophages.  

 

Interleukin 4 

 

IL-4 

 

T-cells and mast 

cells 

 

Pro-inflammatory, due to induction of 

growth and proliferation of several 

immune cells, including B-cells, T-cells 

and macrophages. Induces antibody 

production. 

 

 

Interleukin 5 

 

IL-5 

 

T-cells, mast cells 

and endothelial 

cells 

 

Pro-inflammatory, due to stimulation of 

B-cell growth and induction of antibody 

production.  
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Interleukin 6 

 

IL-6 

 

T-cells, 

monocytes, 

macrophages, and 

endothelial cells 

 

Pro- and anti-inflammatory. Induces 

synthesis of acute-phase proteins, 

stimulates activated B-cells and plasma 

cells, and induces antibody secretion. 

 

Interleukin 7  

 

IL-7  

 

Platelets and 

stromal cells 

 

Hematopoietic factor. Promotes the 

proliferation of several hematopoietic cells 

(e.g. B-cells and T-cells). 

 

Interleukin 8 

 

IL-8 

 

Macrophages,  

monocytes, 

epithelial- and  

endothelial cells 

 

Chemokine. Pro-inflammatory, due to 

the induction of chemotaxis of mainly 

neutrophil granulocytes to the site of 

inflammation. 

 

Interleukin 9 

 

IL-9 

 

T-cells, mast cells 

and eosinophils 

 

Hematopoietic factor. Promotes the 

proliferation of several hematopoietic cells 

(e.g. T-cells and mast cells). Important 

mediator of allergic inflammation. 

 

Interleukin 10 

 

IL-10 

 

Macrophages,  

lymphocytes and 

mast cells 

 

Anti-inflammatory, due to inhibition of 

macrophages by abrogating the 

generation of several pro-inflammatory 

cytokines, downregulates the expression 

of co-stimulatory- and MHC(II) 

molecules on macrophages. 

 

Interleukin 12 

 

IL-12 

 

Macrophages, B-

cells and T-cells 

 

Pro-inflammatory, due to the induction 

of differentiation and activation of T-

cells.  

 

Interleukin 13 

 

IL-13 

 

T-cells 

 

Pro-inflammatory, due to induction of 

antibody synthesis.  

 

Interleukin 15 

 

IL-15 

 

Macrophages, 

monocytes and 

endothelial cells 

 

Pro-inflammatory, due to induction of 

growth, proliferation, and activation of T-

cells. 

 

Interleukin 17  

 

IL-17 

 

T-cells 

 

Pro-inflammatory, due to induction of 

numerous pro-inflammatory and 

hematopoietic cytokines and chemokines. 
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Eotaxin  

 

 

None 

 

Phagocytic cells, 

epithelial cells, 

and fibroblasts 

 

Chemokine. Pro-inflammatory, due to 

potent and selective recruitment of 

eosinophils. Important in asthma and 

allergy. 

 

Fibroblast growth 

factor - basic 

 

FGF-basic 

 

Mast cells, 

monocytes and 

endothelial cells 

 

Growth factor. Stimulates angiogenesis 

and the proliferation of fibroblasts and 

several other cells and tissues. 

 

Granulocyte 

colony 

stimulating factor 

 

G-CSF 

 

Macrophages and 

other immune 

cells 

 

Growth factor for leukocytes, due to 

stimulation of hematopoietic stem cells to 

proliferate to granulocytes. 

 

 

Granulocyte-

macrophage 

colony-

stimulating factor 

 

GM-CSF 

 

Macrophages, T-

cells, mast cells, 

endothelial cells 

and fibroblasts. 

 

Growth factor for leukocytes, due to 

stimulation of hematopoietic stem cells to 

proliferate to granulocytes and monocytes. 

 

 

Interferon-γ 

 

IFN-γ 

 

T-cells, NK-cells, 

and macrophages 

 

Pro-inflammatory, due to T-cell and NK-

cell dependent activation of macrophages, 

induction of more MHC-complexes as 

well as B-cell isotype switch. 

 

Interferon-

gamma-induced 

protein – 10 kDa 

 

IP-10 

 

Monocytes, 

endothelial cells 

and fibroblasts. 

 

Chemokine. Pro-inflammatory, due to 

recruitment of monocytes/macrophages, 

T-cells, NK-cells and dendritic cells. Is 

also a potent inhibitor of angiogenesis. 

 

Monocyte 

chemotactic 

protein 

 

MCP-1 

 

Macrophages, 

Endothelial cells 

 

Pro-inflammatory, due to recruitment of 

monocytes, T-cells, basophils, mast cells 

and dentritic cells. 

 

Macrophage 

inflammatory 

protein 1α 

 

MIP-1α 

 

Macrophages and 

neutrophils 

 

Chemokine. Pro-inflammatory, due to 

activation of granulocytes and induction 

of synthesis of several pro-inflammatory 

cytokines. 

 

Macrophage 

inflammatory 

protein 1β 

 

MIP-1β 

 

Macrophages and 

neutrophils 

 

Chemokine. Pro-inflammatory, due to 

activation of granulocytes and induction 

of synthesis of several pro-inflammatory 

cytokines. 

18 



 

Platelet-derived 

growth factor 

 

PDGF 

 

Platelets and other 

cells, including 

eosinophils 

 

Growth factor. Major importance for 

vasculogenesis and angiogenesis. Also 

important for cell division. 

 

Regulated upon 

activation,  

normal T-cell-

expressed and 

secreted 

 

RANTES 

 

Macrophages, T-

cells, endothelial 

cells, and platelets 

 

Chemokine. Attracts T-cells, monocytes, 

esinophils and basophils to the site of 

inflammation. 

 

Tumor necrosis 

factor-α 

 

TNF-α 

 

T-cells and 

macrophages 

 

Pro-inflammatory, due to macrophage-

dependent neutrophil activation, 

interaction with endothelial cells 

increasing the vascular permeability. 

Interacts also with tumor cell, and 

induced apoptosis. 

 

Vascular 

endothelial 

growth factor 

 

 

VEGF 

 

Mast cells, 

platelets, and 

neutrophils 

 

Growth factor. Major importance for 

vasculogenesis and angiogenesis. 

Stimulates monocytes and macrophages. 

 

 

2.6 Anticoagulants 
 

Whenever blood are brought out from the cardiovascular system, for 
example during surgery or sampling of blood, the administration or addition of 
anticoagulant agents are necessary in order to avoid clotting of the blood. There 
are several types of anticoagulation agents used today. Most of them are 
working by completely different mechanisms to reach the same goal; to keep 
the fluidity of the blood.  

 
In this thesis four different anticoagulant agents have been used, namely:  
 

Sodium citrate is a chelating agent that binds Ca2+. The effect of citrate can 
easily be reversed by the addition of Ca2+ to the sample.  

 
EDTA (ethylenediaminetetraacetic acid) is a commonly used anticoagulant 

in the medical clinic when sampling blood. The mechanism of action is to 
chelate metal ions, including Ca2+ as well as Mg2+. These ions are necessary 
both for a functional coagulation system, as well as complement system.  
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Heparin, which is a member of the glycosaminoglycan family, has been 
used as an anticoagulant since 1935. Heparin acts by binding to the serine 
protease inhibitor antithrombin (AT) and thereby induce a conformational 
change in the protein which enhances the affinity between AT and the ligands. 
AT acts by inactivating thrombin, as well as factor Xa, XIa and XIIa, which are 
highly involved in blood clotting [29].  

 
Hirudin, which is a naturally occurring peptide (65 aa) was identified in the 

medicinal leach (Hirudo medicinalis) as early as the 1880’s. Nowadays hirudin is 
produced recombinantly (Lepuridin, Refludan®). By forming a 1:1 
stoichiometric complex with thrombin, the process of cleaving fibrinogen to 
fibrin is attenuated and the clot formation will be prevented [30].  
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3. THE COMPLEMENT SYSTEM 
 
 

The complement system is a part of the innate immune system. Innate 
immunity provides the protection we have against microbes and other foreign 
substances from birth, and this immunity will not develop over life. This is 
contrary to the antibody- and cell mediated adaptive immune system, which 
continuously learns to recognize new potential danger molecules, as we get 
exposed.  

 
The complement system, which is an evolutionary ancient defense system, 

was discovered in the late 1890s by several researches, most notably Jules 
Bordet and Paul Ehrlich. It was demonstrated that when serum, which 
contained an antibacterial antibody, was added to a sample of the bacteria, the 
bacteria would be efficiently destroyed. However, if the serum was heated (to 
56 °C or more) the bacteria were left unaffected. At the time it was known that 
antibodies are heat-stable, so the loss of lytic activity could not be antibody 
dependent. Therefore, it was concluded that serum must contain another 
component that is heat-labile and complements the lytic function of antibodies 
in combination with blood cells. Hence, this component was given the name 
“complement” and it is now known that it is not a single component, but a 
complex network of multiple proteins [13, 31].  
 

3.1 Biological effects 
 

The complement system is an important protein-based defense system. The 
system is constantly alert which enables a very rapid activation (within 
seconds). The cascade system consists of more than 30 different plasma 
proteins, both cell-bound and soluble. The complement system has several 
important functions, including: 
 

 Recognition of foreign substances, as well as altered host cells in the 
body. 

 Opsonization of those structures, which will enable a more efficient 
phagocytosis. 

 Release of anaphylatoxins, which will induce inflammation and recruit 
immune cells to the site of activation. 

 Destruction of pathogens via lysis. 
 Enhancing adaptive immunity.  
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The complement system can be activated via three different pathways: the 
classical pathway (CPW), the lectin pathway (LPW) and the alternative 
pathway (APW), which will be discussed in detail further on. Activation of the 
complement system, independently of the activation pathway, will lead to 
cellular damage or lysis due to the insertion of a pore-like structure, called the 
membrane attack complex (MAC), into the cell membrane. The membrane 
attack complex is the final product of the terminal pathway (see Figure 3).  

 
Figure 3: A schematic overview of the complement system. The system can be activated via three 

different pathways, the classical pathway, the lectin pathway and the alternative pathway. Once the 

activation has occurred, independently of which pathway that was initiated, the central event of the 

cascade system is the proteolytic cleavage of C3 into C3b and the anaphylatoxin C3a. Further 

downstream in the cascade the protein C5 will be cleaved to C5b and the very potent anaphylatoxin 

C5a, followed by the initiation of the terminal pathway. The membrane attack complex (MAC) is 

formed and MAC is able to penetrate cell membranes of intruding organisms and damage or kill the 

attacked cells via lysis.  
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3.2 Complement component 3 (C3)   
 

The protein C3 plays a central role in the complement cascade. The large 
plasma protein (185 kDa) is the most abundant of the complement proteins (1-
1.5 g/L) and is mainly synthesized in the liver, although local production in 
several cells and tissues has been reported [32-34]. The protein consists of 2 
chains: the α-chain (110 kDa) and the β-chain (75 kDa) which are connected 
via a disulphide bond [35]. The crystal structure of C3 was recently solved, 
which provided important insights into the complex structure of this 
multifunctional protein [36]. 

 
C3 is activated by the proteolytic cleavage accomplished by any of the two 

C3-convertases (described below), into the fragments C3a and C3b. The small 
fragment C3a (9 kDa) is cleaved from the α-chain of the C3-molecule and this 
small peptide acts as an anaphylatoxin but it also possesses bactericidal 
properties [37]. The larger fragment, C3b, undergoes extensive conformational 
changes upon activation and will expose a reactive thioester which is carefully 
hidden in a hydrophobic pocket in the nascent C3-molecule. This thioester is 
required for covalent attachment to surfaces and cellular targets via ester and 
amide linkages, which are formed when C3b binds as an opsonin as well as the 
initial platform of the APW-C3 convertase (see details below). If the C3b-
molecule is formed too far away from the a target surface the thioester will react 
with water and the reactivity of the molecule will be lost (half-life ~100 μs) 
[38].  

 
In addition to proteolytic activation, C3 can also be activated by a 

spontaneous hydrolysis of the thioester. This hydrolysis occurs naturally in 
blood at a slow rate and it has been estimated that 0.5% of the total C3 is 
present in its hydrolyzed form at any given time [39]. This spontaneous 
hydrolysis is referred to as the “tick-over”-process and will generate the 
molecule C3(H2O)(also known as iC3) which possesses C3b-like properties 
(the ability to bind fB), however, the anaphylatoxin domain C3a is still 
attached to this molecule. C3(H2O) will circulate in the blood and is able to 
initiate the alternative pathway C3-convertase. 
 

3.3 The classical pathway 
 

The classical pathway (CPW) is initiated by the binding of the C1-complex 
to different activating structures, such as antigen-bound IgGs and IgM as well 
as immune complexes [40] and apoptotic cells [41]. The large C1-complex 
(790 kDa) is Ca2+ dependent and consists of the recognition molecule C1q and 
two each of the smaller serine proteases: C1r and C1s. The hexameric protein 
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C1q, is commonly referred to as a “bouquet of tulips” since it has “stalk-like” 
triple-helical fibers at the N-terminal that diverge into six globular heads which 
comprise the recognition unit (see Figure 4) [42].  

 
Once two or more of the globular units of C1q are bound to ligands, either 

endogenous- or pathogen derived, the arms of C1q will hinge away from the 
center of the C1-complex [43]. This is believed to cause a mechanical stress in 
the molecule which triggers the activation of C1r, which in turn can activate 
the C1s-molecule [44]. Activated C1s is able to cleave the complement protein 
C4, into C4a and C4b. The larger fragment C4b has the ability to attach to 
nearby surfaces via the newly exposed metastable thioester. Once C4b is 
attached, complement protein C2 will bind to C4b, and the serine protease 
C1s will cleave also C2, and C2b will be released into the fluid phase. The 
classical C3-convertase (C4bC2a) is now formed (see Figure 4), and is ready to 
cleave C3 into C3a and C3b. A fraction of the generated C3b will become 
attached to the C4bC2a-complex and form the classical pathway C5 
convertase, C4bC2aC3b, which will have affinity for the protein C5 instead of 
C3. 

 
Figure 4: Schematic illustration of the formation of the classical C3-convertase, C4bC2a. 

3.4 The lectin pathway 
 

The lectin pathway (LPW) is the most recently described of the three 
activation pathways recognized today [45]. Activation via the LPW will, 
similar to the CPW, generate a classical C3-convertase (C4bC2a); however, 
the activation of the two pathways differs. The recognition molecules in the 
lectin pathway are mannose-binding lectin (MBL), but also ficolins. These 
molecules bind to their targets, which are specific carbohydrate structures found 
on bacteria. Once the binding has occurred, MBL-associated serine proteases 
(MASP 1-3) will be activated in the same manner as C1r and C1s on the C1-
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complex. In this context it is only MASP-2 that has a clear defined role in the 
complement activation, due to its ability to cleave C4 and eventually also C2 
[46]. However, recent data demonstrate that MBL can generate a C2-
independent C3-activation, although the exact mechanism is still elusive [47].  
 

 

C3(H O) (generated spontaneously by the “tick-over” process) or by properdin.  

ternative C3-
onvertase (C3bBb) and the soluble fragment Ba (see Figure 5).  

 

ernative C3-convertase, C3bBb, via 

C3b generated from CWP, LWP or by prior initiated APW. 

 covalently attached to the surface and form a complex with 
Bb (see Figure 6).  

 

3.5 The alternative pathway 

The alternative pathway (APW) can be activated by at least three different 
initiating molecules: either by C3b (generated by the CPW or the LPW), by 

2

 
1. C3b can become covalently attached to a foreign surface such as bacteria, 

fungi, or a biomaterial via the internal thioester. Once attached, it will bind 
factor B (fB) in a Mg2+-depended manner. Factor D (fD) will cleave the bound 
factor B-molecule, which results in the formation of the al
c

 

Figure 5: Schematic illustration of the formation of the alt

 
2. Hydrolyzed C3, C3(H2O), can bind fB in the fluid phase, which then 

will be cleaved by fD in the same manner as described above. The formed 
complex C3(H2O)Bb can now act by cleaving soluble C3, and the generated 
C3b might become
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Figure 6: Schematic illustration of the formation of the alternative C3-convertase, C3bBb, via 

C3(H2O) generated from spontaneous hydrolysis. 

 
 
3. Properdin is a positive regulator of the APW. This protein has the ability 

to bind to the C3b in the C3-convertase, C3bBb, and thereby increasing the 
stability of the complex up to 10-fold, however properdin is not essential with 
most types of activators. Additionally, new data have proposed another role for 
properdin: by binding directly to a target, properdin can act as a platform for 
new APW C3-convertases (PC3bBb; see Figure 7) [48].  
 

Since the key molecule C3b acts both as a building block and as a product 
of the APW C3-convertase, this activation pathway will have a positive feed-
back mechanism on the complement activation. The attachment of one C3b-
molecule can lead to the attachment of many more C3b-molecules in a very 
short period of time, independently of which pathway that generated the first 
C3b-molecule. Thus, the APW will act as a powerful amplification loop and 
induce a very rapid amplification also from a weak stimulus [49].  
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Figure 7: Schematic illustration of the formation of the alternative C3-convertase, PC3bBb, via 

properdin molecules attached to the surface. 

 
The APW C3-convertase can bind an additional C3b molecule. This 

binding will change the specificity of the convertase from C3 to C5 and the 
alternative pathway C5-convertase is formed (C3bBbC3b).  

 

3.6 The terminal pathway 
 

The complement system is able to damage or mediate direct lysis of cells by 
the formation of membrane attack complexes (MAC, C5b-C9). This is 
achieved when C5 is cleaved by any of the two C5-convertates (C4bC2aC3b; 
C3bBbC3b, mentioned above) into the anaphylatoxin C5a and the larger 
fragment C5b. C5a is a very potent pro-inflammatory peptide (74 aa) with a 
broad spectrum of functions [50].  

 
C5b on the other hand has the ability to form a complex with the protein 

C6. After attachment to C5b, C6 is able to interact with the lipid membrane of 
cells. C7 and C8 will now sequentially bind to C5b and the complex will be 
further inserted into the cell membrane by C8. A single C9-molecule will bind 
to C8 in the C5b-C8 complex, which within minutes will be followed by a 
polymerization of additional C9-molecules, forming the C5b-C9 complex. 
Insertion of MAC-complexes (each one approximately 10 nm in diameter) into 
the cell membrane will lead to damage or osmotic lysis of the cell [51, 52] (see 
Figure 8).  
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Figure 8: Formation of the membrane attack complex (MAC, C5b-C9). When C5 is cleaved into 

C5a and C5b, C5b will be able to bind the protein C6. C6 is then able to interact with the lipid 

layer of cells. C7 and C8 will now sequentially bind to C5b and the complex will be further inserted 

into the cell membrane by protein C8. A single C9-molecule will bind to C8 in the C5b-C8 

complex, which will be followed by a polymerization of C9 forming the C5b-C9 complex. 

3.7 Biomaterial-induced complement activation 
 

The complement system can be activated when blood comes in contact with 
a variety of surfaces, which either have an activating surface chemistry or lack 
complement regulators, as in the case of biomaterials. The first event that will 
occur when blood comes in contact with a foreign surface is a rapid adsorption 
of plasma proteins. The pattern of adsorbed proteins is of great importance for 
the hemocompatibility since several proteins are known to adopt a new 
onformation when adsorbed to a foreign surface and these changes in the 

protein may activate the complement system. Examples of proteins that might 
undergo a surface induced change in conformation are complement component 
C3 [38] and IgG [53], both of which can induce an activation of the 
complement system on the biomaterial surface. 

 
Biomaterial-induced complement activation is considered to be initiated 

mainly by the CPW, due to the adsorption of C1q, C4, IgG or IgM to the 
surface. However, once the complement activation is initiated, the APW and 
the amplification loop is of major importance for further activation [3], see 
Figure 9.     
 

c
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Figure 9: A schematic illustration of complement activation on top of a biomaterial surface. Plasma 

proteins will rapidly be adsorbed to the surface, forming a new interface between blood and the 

material. Some of the proteins, including C3, C4, the C1-complex and IgG can be adsorbed in an 

activating conformation. The complement cascade is probably mainly initiated by the CPW; 

however, the amplification loop of APW is important to amplify the original stimulus. Formation of 

anaphylatoxins results in the activation and recruitment of leukocytes, which will start an 

inflammation response at the site of activation. 

3.8 Regulators of the complement system 
 

The complement system is a very powerful defense system with strong pro-
inflammatory effects. Uncontrolled complement activation can cause extensive 
damage on autologous cells and tissues. To avoid improper actions, the 
complement system is therefore tightly regulated at several steps of the cascade. 
Many regulators of the complement activation (RCA) share a common motif 
called complement control protein (CCP) region or short consensus repeat 
(SCR) which consist of approximately 60 amino acids arranged in sphere-like 
domains [54].  
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The soluble regulators include C1-inhibitor (C1INH), factor I (fI), C4b-
binding protein (C4BP), factor H (fH), factor H-like protein 1 (FHL-1), 
carboxypeptidase N, clusterin and vitronectin (see Table 4).  C1INH is a serine 
protease inhibitor with the ability to bind to C1r and C1s in the activated C1-
complex. The binding will inactivate the two proteases and thereby prevent 
further cleavage of C4 and C2. C1INH is also a potent inactivator of other 
proteases, including MASP, FXIa, FXIIa, and kallikrein found in the lectin 
pat

units instead of the 20 
present in native fH. FHL-1 shares the complement regulating activity of fH 
due

ir anaphylatoxic properties. However, C5-des-arg is still able 
to bind to the C5a-receptor and C5L2-receptor and it also retains chemotactic 
pro

 a complement regulator by 
decreasing the cytolytic activity, by interfering with the insertion of membrane 
atta

rythrocytes and leukocytes. CR1 
protects the host cells by acting both as a decay accelerator for the C3-
con

hway and coagulation- and contact activation systems, respectively.  
 
Factor I is a protease with the ability to cleave both soluble and membrane 

bound C3b and C4b, into inactivated iC4b and iC3b, in the presence of a co-
factor [55]. C4BP is together with fH the major fluid phase regulators for the 
CPW/LPW and the APW, respectively. The two proteins act as regulators in 
two ways: they can both act as decay accelerating factor for the C3-convertases 
due to their affinity for C4b (C4BP) and C3b (fH), as well function as co-
factors for the protease fI. C4BP and fH are also known to be acquired to the 
membrane of the host cells, and can thereby provide an effective protection of 
autologous cells [56-58]. Factor H-like protein (FHL-1) is an alternative 
splicing product of fH-gene and consists of 7 CCP-

 to co-factor- and decay accelerating activity [59].  
 
Carboxypeptidase N works by rapidly cleaving the C-terminal arginine (arg) 

of the anaphylatoxins C3a, C4a and C5a which will be transformed into C3a-
des-arg, C4a-des-arg and C5a-des-arg, respectivly. C3a-des-arg and C4a-des-
arg will loose the

perties [50].  
 
Clusterin inhibits the MAC-formation, by prevent the binding of C9 to 

C5b-8 and C5b-9 [60]. Vitronectin (S-protein) is a multifunctional protein 
that among other roles has been shown to act as

ck complex into the lipid cell membrane [61].  
 
Important surface bound regulators are: CR1, MCP, DAF and protectin 

(see Table 4). Complement receptor 1 (CD35) acts both as a receptor (for C3b 
and C4b) as the name implies, but also as a regulator of the complement 
system and is found mainly on the surface of e

vertases as well as a co-factor for factor I.  
 
Membrane co-factor protein (MCP, CD46) has co-factor activity, while 

decay accelerating factor (DAF, CD55) inhibits the complement system by 
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interfering with both the C3- and the C5-convertases. Both MCP and DAF 
are found on most cells through out the body [62, 63]. Protectin (CD59) is a 
regulator for the terminal pathway of the complement system, by inhibiting the 
penetration of the MAC complex on autologous cells, by binding to C8 or C9 
of the growing membrane attack complex. CD59 is widely expressed and found 
in almost all tissues in the body as well as on all circulating cells [64].   
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3.9 Microbial RCA-binding proteins 
 

The presence of complement regulators on the cell surface is the difference 
between life and death for a cell, when surrounded by an active immune 
defense. The presence of regulators is supposed to be exclusive for host cells; 
however, many microbes (bacteria, viruses and parasites) have evolved means to 
control the host defense system. One commonly observed strategy is to express 
viru ence l factors with affinity for human complement regulators which enables 
the

 binding fH and FHL-1 to 
the

d in detail 
[74], and M-peptides (synthetic and recombinant) with retained ability to bind 
C4BP in a biologically active manner have been generated [75, 76].  

 

m to stay protected from the host complement system during an infection 
[65-67]. 

 
Many cases have been described where microbes have acquired the ability to 

escape the complement system by expressing surface structures with affinity for 
complement regulators. Some selected examples are: Streptococcus pyogenes 
(Gram+) which has among others, a virulence factor on the surface called the 
M-protein, with affinity for a number of human proteins, including the 
complement regulator C4BP (see details below) [68, 69]. Borrelia burgdorferi 
(Gram-) has developed surface proteins designated CRASP (complement 
regulating acquiring surface proteins) which act by

 surface of the microbe [70, 71]. Candida albicans (fungus) which has surface 
structures that interact with fH and FHL-1 [72].  

 
The M-protein is a known virulence factor found on the surface of the 

group A streptococcus bacterium, Streptococcus pyogenes, and the M-protein 
possesses the ability to bind several human plasma proteins, including the 
complement regulator C4BP. By acquiring human regulators to the surface, the 
bacteria can prolong survival in the infected host, due to an effective inhibition 
of a complement attack against the bacteria and thereby evasion of phagocytosis 
[73]. The C4BP-binding region on the M-protein has been mappe
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4. HEMOSTASIS  
 
 

The term hemostasis refers to the complex process of preventing excessive 
bleeding in case of vascular injury. Hemostasis is maintained by three main 
mechanisms: the formation of a platelet plug accomplished by platelet 
activation; the formation of a fibrin plug by activation of the coagulation system 
and the rapid contraction of damaged blood vessels. Below, the activation of 
platelets and the coagulation system will be discussed.  

 

4.1 Platelet activation  
 

Platelets are easily activated and examples of initiating stimulus are 
heterogeneous surfaces with pro-thrombotic characteristics. Some examples are 
injured endothelial cell layers in the blood vessels or the introduction of a 
biomaterial into the circulation. In physiological hemostasis the platelet 
activation is of major importance to reduce the risk of bleeding, however, in 
pathological states or when using medical devices, this rapid activation might 
be a large problem, leading to thrombus formation and complications for the 
patient [77].  

 
 

4.1.1 Physiological platelet activation 
 
   Following a vascular injury, the subendothelial matrix will be exposed and 

create a platform for platelet aggregation, due to exposure of the potent platelet 
activator collagen (type I and III) found in the matrix. The first critical event in 
the formation of a hemostatic platelet plug is to arrest the mobile platelets in 
order for them to be able to adhere and become activated at the site of injury. 
The initial adherence- and activation process is very rapid and will occur within 
milliseconds to seconds [78].  

 
The initial adherence of platelets to the vessel wall can occur either directly 

to collagen (mainly via platelet GPIa/IIa, but also GPVI) under low-shear 
conditions; however, at medium or high shear rates the protein von Willebrand 
factor (vWF; found in the subendothelium of blood vessels as well as in the 
blood plasma) is required for attachment of platelets (via platelet GPIb/V/IX). 
The interaction of platelet GPIb/V/IX with vWF has a fast dissociation rate 
and irreversible adherence can therefore not occur. Instead, this binding will 
mediate rolling of the platelet on the injured endothelium as well as activation 
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of the platelet. Firm adhesion of the platelet is established by the slower but 
stronger interactions with other glycoproteins, including GPIIb/IIIa binding 
vWF and GPVI binding collagen [17, 78, 79], see Figure 10.  

 
 

4.1.2 Biomaterial-induced platelet activation 
 
Biomaterial surfaces are known to be able to induce platelet activation and 

consumption of platelets to various degrees. The activation can be induced by 
various initiating events, including adsorption of certain platelet-activating 
proteins to the surface; initiation of the coagulation cascade generating platelet-
activating thrombin; the presence of a negatively charged surface; or activation 
and/or lysis of other blood cells [2]. 

 
Several surface-adsorbed proteins are known to be able to adhere to and 

activate platelets, including fibrinogen, vWF, and thrombin. Fibrinogen binds 
the platelets mainly via GPIIb/IIIa, which is the most abundant receptor on 
the surface of a platelet, with approximately 50,000-80,000 copies on each 
platelet. Adsorbed vWF adheres to platelets via GPIb in the GPIb/IX/V 
complex, but can also bind platelets via the GPIIb/IIIa [80-82]. Thrombin 
activates platelets via PAR1 or PAR4 [22]. A recent study illustrates the 
importance of the conformation of the adsorbed protein (fibrinogen in this 
case), rather than the amount of protein on the surface, in deciding the degree 
of platelet adhesion and activation [83].  

 
Activation of the coagulation system on a biomaterial surface will generate 

thrombin. Thrombin is known to be a potent activator of platelets, and 
generation of thrombin will induce platelet activation on the surface of the 
foreign material [2, 84]. Platelets can also be activated when erythrocytes 
undergo lysis and ADP is released, which can occur at the interface of blood 
and a foreign material [2, 85].  

 
 

4.1.3 The response of the activated platelet  
 
Once the platelet is activated by any of the mechanisms described above a 

series of events will take place more or less simultaneously. The platelet will 
undergo a rapid change in morphology from a smooth disc-like shape to an 
irregular spheroid with pseudopods. The activated platelets will release their 
granules containing multiple substances, including platelets activating agonists 
and thrombogenic peptides. P-selectin, which is found on the α-granule 
membrane in a resting platelet will now be expressed on the platelet surface due 
to fusion of the α-granule membrane and the platelet membrane. 
Thromboxane A2 will be synthesized from arachidonic acid and released from 

34 



the platelet and activate other platelets. In addition, the platelet will release 
platelet-derived microparticles which possess prothrombotic activity [2, 14, 17, 
86], see Figure 10.  

 

 
 

Figure 10: A schematic illustration of platelet activation at the site of vascular injury. Under 

medium and high shear force conditions the arrest of platelets is dependent on vWF during 

physiological platelet activation. The platelet arrest will be followed by adhesion/activation and 

secretion of the platelet granules, see text for details.  

 
Neighboring platelets will be attracted and activated by the agonists released 

from the activated platelets (mainly ADP, thromboxane A2 and serotonin). 
This will lead to an aggregate formation, containing multiple platelets and 
leukocytes. The platelet-platelet interaction occurs mainly by GPIIb/IIIa 
linking platelets together by fibrinogen bridges. The platelet-leukocyte 
interaction is maintained mainly by P-selectin and CD40L. P-selectin and 
CD40L are of major importance since they facilitate the binding of recruited 
immune cells at the site of platelet activation, which enables both pro-
inflammatory reactions (e.g. release of cytokines) and pro-coagulant reactions 
(e.g. expression of TF on monocytes and release of procoagulant mediators). 
Thrombin will be generated at the surface of the platelet aggregate (due to the 
release and recruitment of coagulation factors), and will act by further 
activating platelets and also converting the bound fibrinogen to fibrin, leading 
to a stabilization of the formed platelet plug [2], see Figure 11.  
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Figure 11: Schematic illustration of platelet aggregation and leukocyte recruitment after platelet 

activation on a damaged endothelium or a biomaterial surface. The platelets are bridged together by 

fibrinogen forming an unstable platelet plug. Leukocytes are recruited and bound to the platelet plug 

by P-selectin and CD40L exposed on platelets. Thrombin at the plug surface will convert the bound 

fibrinogen in the plug to fibrin, leading to plug stabilization. Platelet microparticles and cytokines 

are released into the circulation, acting by attracting leukocytes.  

 

4.2. The coagulation system 
 

The coagulation system is a complex cascade system with the main goal to 
maintain hemostasis in case of vascular injury. The system involves a number of 
zymogens that serially will be activated into enzymes. The newly activated 
enzymes can then act by activating other zymogens downstream in the cascade. 
The system can be activated via two pathways: the tissue factor (TF) pathway, 
and the contact activation pathway. Both pathways converge into a common 
pathway resulting in the formation of a stable fibrin clot [2]. The amplification 
of the system is remarkable, i.e. 1 mole of activated factors XI, X and 
prothrombin can generate up to 2 x 108 moles of fibrin [7].  
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4.2.1 Tissue factor pathway (extrinsic pathway) 
 

TF is the most potent physiological initiator of the coagulation system. The 
47 kDa transmembrane glycoprotein is found in various non-vascular tissues, 
including lung, kidney, brain and placenta. Vascular TF is found in the 
adventitia of all blood vessels larger than capillaries and it will be exposed to the 
circulation in case of vascular injury [87]. Expression of TF can also be induced 
on endothelial cells and circulating cells, mainly monocytes [88, 89] as well as 
platelet derived microparticles [89, 90] after stimulation.  

 
Once exposed, TF will bind and activate circulating factor VII 

(approximatly 1-2% of the factor VII circulates in the activated form; however 
it does not show any proteolytic activity until it forms a complex with TF). The 
TF-fVIIa complex can now activate factor IX to IXa as well as factor X to Xa 
[7] (see Figure 12). Deficiency of TF and fVII is lethal in mice, indicating that 
these factors are crucial for a functioning hemostasis [87].  

 

4.2.2 Contact activation pathway (intrinsic pathway)   
  

The contact activation pathway is initiated by the auto-activation of factor 
XII, which can occur through adsorption of the molecule to negatively charged 
endogenous surfaces or to foreign surfaces such as in medical equipments. 
Once activated, factor XIIa can initiate two different events: (a.) factor XIIa 
can cleave factor XI to initiate the coagulation cascade or (b.) it can activate 
prekallikrein to initiate the inflammatory kallikrein-kinin system. In the case of 
coagulation activation factor XIIa will cleave factor XI, which will be 
immobilized to the surface via the cofactor high molecular weight kininogen 
(HMWK). Factor XIa can now activate factor IX to IXa. Activated factor IXa 
can then, in the presence of the co-factor fVIIIa, cleave and activate factor X to 
Xa [10, 91] (see Figure 12). 

 
The importance of the factor XIIa-induced coagulation activation in vivo is 

elusive since the availability of negatively charged endogenous surfaces is 
limited, furthermore, no noticed bleeding disorders is seen in patients lacking 
factor XII [2, 92]. Reports have also shown that factor XII can be activated in 
vivo and initiate the kallikrein-kinin system, without triggering the coagulation 
cascade, which might indicate that activation of fXII is more important for 
inflammation induction, than for coagulation in vivo [93, 94]. However, it has 
been shown that this pathway is activated in the presence of artificial surfaces 
[2, 95, 96]. 
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Figure 12: Schematic illustration of the coagulation cascade. The coagulation cascade can be 

initiated by two pathways; the tissue factor pathway or the contact activation pathway. 

Independently of which pathway that generates factor Xa, thrombin will be formed and the common 

pathway of the coagulation cascade will be initiated. The multifunctional protein thrombin cleaves 

fibrinogen into fibrin polymers which form the initial hemostatic plug. In order for the plug to 

become stable factor XIII acts to crosslink the fibrin polymers. 

4.2.3 The common pathway of the coagulation system 
 

Both activation pathways of coagulation will converge in the activation of 
prothrombin to thrombin, by factor Xa. However, factor Xa will, in the absence 
of its co-factor (factor Va), only generate small amounts of thrombin which is 
insufficient to form enough fibrin to create a stable clot. This primary 
generation of thrombin is instead believed to work as an activator of other 
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coagulation factors, such as factor V, VIII and XI to amplify the initial 
activation stimulus.  

 
Cleavage of the soluble protein fibrinogen, by thrombin, will generate 

insoluble fibrin monomers. The fibrin monomers link spontaneously by 
hydrogen bonds to form loose insoluble fibrin polymers. This instable polymer 
will act as a primary hemostatic plug and prevent the immediate bleeding. To 
obtain a rigid clot the fibrin polymers must be crosslinked and this process is 
performed by factor XIIIa [2, 7] (see Figure 12). 
 

4.3 Regulation of the coagulation system 
 

The coagulation system has an extremely powerful amplification capacity. 
Therefore it is important to have several regulators and control steps in the 
cascade to avoid inappropriate clotting. The main regulators include AT, C1-
INH, protein-C and tissue factor pathway inhibitor. 

 
AT is a 58 kDa glycoprotein that inhibits a large number of serine proteases 

in the coagulation cascade, including thrombin, fIXa, fXa, fXIa and fXIIa. This 
serpin acts by forming a complex with the target enzyme in which the active 
site of the enzyme becomes hidden from the surroundings. The inhibition is 
rather slow in the absence of the polysaccharides heparin and heparan sulfate, 
but in the presence of either, the affinity between AT and the target enzyme 
will increase dramatically [7].  

 
C1INH is a regulator of the contact and/or coagulation proteins kallikrein, 

factor XIIa, and factor XIa, as well as a main regulator of the initiation of the 
CPW of the complement cascade [97]. Protein C is a vitamin K dependent 
protein and it acts, together with its co-factor protein S, by inactivating factor 
Va and factor VIIIa [2, 98]. Tissue factor pathway inhibitor (TFPI) is a serine 
protease inhibitor that can inhibit the coagulation cascade in two ways: TFPI 
can inhibit factor Xa directly, but also inhibit the TF-factor-VIIa-complex in a 
factor Xa dependent manner. TFPI-deficient humans have not been identified, 
suggesting that the inhibitor is essential for life [99].  
 

4.4 Apyrase (CD39)  
 

CD39 belongs to a family of enzymes called apyrases and they are found in 
a variety of species. The enzymes have the ability to hydrolyze nucleoside tri- 
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and diphosphates, including ATP and ADP. CD39 is a transmembrane 
protein found on an array of human cells, including leukocytes and 
endothelium. The ectoapyrase activity of CD39, together with other regulating 
molecules, is responsible for the unique ability of the endothelial cells to 
maintain blood fluidity. This is achieved by continuous hydrolysis of any 
released ATP and ADP from damaged or activated cells in order to prevent 
further ADP-dependent platelet activation [100, 101].  
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5. BIOMATERIALS  
 

 

A biomaterial is a material that is intended to come in contact with blood or 
other tissues within the body [102]. The material should be biocompatible, and 
the term biocompatibility can be defined as: acceptance of an artificial material 
by the surrounding tissues and by the body as a whole [1]. It is also generally 
accepted that the term biocompatible includes that the material should be non-
toxic, non-inflammatory, non-immunogenic, have good tissue compatibility as 
well as hemocompatibility [103]. The biomaterial can belong to several 
categories of materials, such as ceramics, metals, composites, glass and 
polymers [104-107]. In this thesis the focus is primarily on polymeric materials.  
 

The usage of biomaterials is constantly increasing in the modern medicine 
clinic. In USA alone it is estimated that more than 25 million patients have 
some kind of implanted device [108] and far more patients will come in contact 
with non-implanted and temporary biomaterials for instance approximately 400 
million catheters, 25 million renal dialyzers and more than 2 million stents are 
used annually [109]. Other common applications for biomaterials are tubing 
systems, heart aids, blood-pumps, prostheses, dental implants and membranes.  

 
The purpose of using medical devices is to relieve patients from various 

conditions, however, there are many challenges connected with the usage of 
foreign materials in the body. Incompatibility reactions caused by the material 
might lead to adverse effects of different severity for the patient, such as 
anaphylactic reactions, increased risk of clot formations, acute or chronic 
inflammation, renal- and pulmonary dysfunction [2, 3], as well as 
encapsulation of, and loss of function of the device [4]. Further, another serious 
issue with introducing artificial materials is device-associated infections that 
can occur due to bacterial colonization on the surface of the device. The depth 
of the problem is increased by the fact that the category of patients that are 
receiving medical devices are often already critically ill and an infection might 
lead to an increased risk of mortality [110].  
 

5.1 Biomaterial-blood interaction 
 

As stated earlier, almost all biomaterials will come in contact with blood at 
some point, either only during implantation or continuously when implanted. 
The first event that will take place during blood-material contact is a rapid 
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adsorption of plasma proteins (within seconds) to the surface of the material. 
The layer of adsorbed proteins will cover the entire interface between blood and 
the material and the composition of the protein layer is determined by the 
physical-chemical properties of the material [5]. The pattern of adsorbed 
proteins is of major importance for the outcome of the blood-biomaterial 
interaction. Many proteins have been described to adopt a new conformation 
when adsorbed to a surface and these changes in the proteins may activate one 
or several of the cascade systems in the blood. Some proteins that have been 
described to undergo a surface induced change in conformation are 
complement component C3 [38] and IgG [53], both of which can induce an 
activation of the complement system on the biomaterial surface as well as on 
top of the adsorbed protein layer [111]. Other examples are adsorbed factor XII 
[112] and fibrinogen [113], which have been shown to cause contact activation 
and activation of platelets, respectively.  

 
When surface-activated proteins are bound to the foreign surface they will 

be recognized by the cascade systems in the blood, an amplification of the 
activating stimulus will occur, followed by an effector phase of the triggered 
system. This will lead to a recruitment of immune cells and a possible clot 
formation at the site of activation, followed by an inflammatory response of 
various severity against the material [6]. 
 

5.2 Towards increased hemocompatibility 
 

In spite of 60 years of intense research with the goal of solving the enigma 
of hemoincompatibility, there are still no materials that are considered to be 
truly compatible in contact with blood. However, researchers are continuously 
approaching the problem with multiple techniques (see Table 5) and the 
knowledge of the biology behind hemocompatibility is constantly increasing. 

 
One approach to increase the compatibility of a material is to modify the 

material itself. It is well established that the chemical structure (e.g. 
hydrophobicity, functional groups and charge) and the surface properties (e.g. 
topography, roughness) of a material will have great influence on the 
hemocompatibility [103]. Other approaches to increase the compatibility of a 
material are to provide an existing material with surface modifications, either 
physicochemical, biochemical or a mixture thereof. 

 
Approaches to modify the physicochemical surface properties, such as 

altered nanostructure, have been shown to influence the properties of a 
biomaterial surface in several, widely diverse, ways. To mention some examples, 
reports have shown that altered nanostructure can decrease the bacterial 
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adhesion to the biomaterial surface and thereby possibly prevent device-related 
infections [114], furthermore by introducing molecular imprints of human 
regulatory proteins on a polymeric surface [115] or decreasing the pore size of 
an aluminum surface by 10-fold (200 nm to 20 nm) both complement- and 
coagulation activation is significantly reduced [116, 117]. Other examples of 
physicochemical modifications are attachment of amphipathic polymer chains 
to the surface of the biomaterial. The polymer chains, such as polyethylene 
oxide (PEO), polypropylene oxide (PPO), or co-polymers thereof (various 
PluronicTM), are known to minimize protein adsorption to the material surface 
and thereby decrease the protein-induced activation of the cascade systems in 
the blood [118-120]. To further improve these types of polymer coatings, 
PluronicTM F108 with an end-point attached complement regulator (factor H) 
was immobilized on a polystyrene surface and after incubation with whole 
blood the results showed a reduction of complement- and coagulation 
activation compared to the control surface [121].  

 
An alternative strategy to increase the hydrophilicity of a material surface, in 

order to minimize the protein adsorption, is to coat the surface with hydrogels. 
Hydrogels consists of natural or synthetic polymers with the ability of binding 
high amounts of water. Several studies have shown that hydrogel coatings can 
reduce protein adsorption as well as platelet and coagulation activation [122, 
123] and Indolfi et. al. have developed a hydrogel spray-coating technique for 
vascular stents [124]. Albumin is the most abundant protein in blood and is 
considered to passivate surfaces, by decreasing adsorption of other proteins and 
by reducing the binding of cells to the material. Several groups have developed 
methods to increase the albumin binding on the surface of a material, e.g. by 
creating a hydrogel with high affinity for endogenous albumin [125], or by 
developing a layer-by-layer coat containing albumin in combination with 
heparin [126]. 
 

By attaching the complement regulator fH to a surface, decreased activation 
of the complement system was accomplished [127]. The immobilization of 
heparin and heparin-conjugates have also been shown to be a successful 
approach to obtain more inert surfaces [128, 129]. This is thought to be due to 
the ability of the negatively charged heparin-chains to selectively bind certain 
regulatory proteins, such as AT, fH and C1INH [130, 131], in combination 
with an overall reduced adsorption of proteins undergoing surface-induced 
denaturation/activation [132]. Direct thrombin inhibitors, such as recombinant 
hirudin have been used to produce surfaces that actively down regulate the 
coagulation activation [133, 134] and in order to inhibit platelet activation, 
surfaces with several platelet inhibitors including aspirin have been evaluated 
[135].  
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Table 5: Selected approaches to increase the hemocompatibility of biomaterials.  

Strategies 

 

Main goal and applied examples References 

Altered surface 

nanostructure 

Decrease the bacterial adhesion to the biomaterial surface. [114] 

 Decrease the coagulation- and complement activation by 

introducing molecular imprints of regulatory proteins on a 

polymeric surface. 

[115] 

 Decrease the complement- and coagulation activation by 

altering the pore size of the material.  

 

[116, 117] 

Altered  surface 

hydrophobicity   

Decrease protein adsorption by increasing the 

hydrophilicity of the material, by attaching PEO and/or 

PPO polymer chains to the surface. 

[118-120] 

 Decrease protein adsorption by increasing the 

hydrophilicity of the material by hydrogel surface coating.  

 

[122-124] 

Passivation of the 

surface  

Decrease protein and cell adhesion by creating surfaces with 

a high affinity for endogenous albumin. 

[125] 

 Decrease blood activation by layer-by-layer adsorption of 

albumin in combination with heparin. 

 

[126] 

Immobilized 

regulatory compounds  

Immobilization of factor H on PluronicTM F108 to decrease 

complement activation. 

[121] 

 Immobilization of heparin-conjugates to decrease 

coagulation- and complement activation. 

[128, 129] 

 Immobilization of recombinant hirudin, to inhibit 

thrombin at the surface. 

 

[133, 134] 

Drug releasing 

materials 

Decrease platelet activation by aspirin-eluting membranes. [135] 

 Decrease platelet activation and coagulation activation by 

aspirin-heparin eluting materials. 

 

[136] 
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6. AIMS OF THE PROJECTS 
 

 
The overall aims of this thesis were to increase the knowledge of the very 

complex process of material-induced immune reactions. To do that several 
different approaches were used, in order to be able to attack the challenge from 
multiple directions. 

 
Paper I – In this project the effect of two anticoagulants, low-dose heparin 

and hirudin were compared in whole blood experiments. The preservation of 
the biological activity of the cascade systems as well as the blood cells were 
evaluated. 

 
Paper II – The aim of this project was to elaborate with a completely new 

concept in order to increase the hemocompatibility of a polymeric model 
material. To accomplish that, structures with affinity for human regulatory 
proteins were immobilized to the material surface and thereby a self-regulatory 
surface utilizing the host’s own regulators was created.  

 
Paper III – The aim was to increase the hemocompatibility of a model 

material, by immobilizing an active enzyme to the surface. The enzyme works 
by degrading activating molecules as they are formed at the material-blood 
interface, and this prevents further activation of the blood cascade systems. 

 
Paper IV – In this project an array of polymeric materials were synthesized 

and their physical-chemical properties were characterized. Further, we wanted 
to quantify and identify proteins adsorbed to the polymers to be able to draw 
conclusions of how the adsorbed protein layer influences the 
hemocompatibility.  

 
Paper V – To follow up the initial studies in paper IV, the 

hemocompatibility of the synthesized polymers were evaluated (with regard to 
complement, coagulation, contact activation and cytokine release). Further, the 
activation data was correlated to the physical chemical properties of the 
polymers as well as the protein adsorption data.  
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7. MATERIALS AND METHODS 
 

Several different techniques have been used to conclude this work. Most of 
the methods are based upon immunological methods such as enzyme 
immunoassays (EIA), Western blot analysis and cellular staining. Additional 
methods include mass spectroscopy, COPAS-measurements, and multiplex 
assays.  
 

7.1 Modification of biomaterial surfaces 

7.1.1 M-peptides 
Dimerized M-peptides (M2-N, M4-N and M22-N) from the streptococcal 

M-proteins (M2, M4 and M22) were directly adsorbed onto polystyrene 
surfaces. Unbound peptides were removed and the surfaces were carefully 
washed with PBS-Tween.  

7.1.2 Apyrase- and albumin surface 
The apyrase surface was prepared by direct adsorption of HSA to a 

polystyrene surface. The immobilized HSA was biotinylated, and an excess of 
avidin was allowed to bind to exposed biotin molecules. The proteins of interest 
(apyrase, and the control protein HSA) were biotinylated and added to the 
avidin surface. Unbound proteins were removed and the surface was carefully 
washed with PBS.  

 

7.2 Polymer synthesis  

7.2.1 Polymer particles  
Polymer monoliths were synthesized by combinations of 3 crosslinkers and 

8 monomers, soluble in either water or ethanol. The obtained polymer 
monoliths were ground and sieved through a 63 μm mesh sieve. Fine particles 
were removed by sedimentation in acetone. The resultant polymers were sieved 
a second time (25 μm), and the fraction containing 25-63 μm particles was 
used in papers IV and V.  
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7.2.2 Polymer surfaces  
Planar surfaces of six selected polymers (see Table 6, in the results section) 

were synthesized by spreading the polymer solution on monomerized 
microscope slides. The thickness of the polymer film was controlled by Teflon 
spacers (140 μm). After polymerization the polymer films were inspected for 
completeness, absence of scratches and air bubbles, and were stored in 20% 
ethanol until further use.  

 

7.3 The slide chamber model 
The slide chamber model (described in detail elsewhere [137]) consists of 

two rings fixed on a microscopic slide of PMMA (poly(methyl methacrylate)). 
The rings create two wells where blood (1.3 mL) is added prior to the 
experiment. On top of the device a second surface (of choice) can be attached 
and this surface can be evaluated with regard to hemocompatibility. The device 
is allowed to rotate vertically in a water bath (37° C) (see Figure 13).  

 
The wells, together with other materials that will come in contact with the 

blood (pipette tips, tubes, etc.), were pre-treated with heparin-conjugate from 
Corline Systems AB, according to their recommendation, in order to avoid 
surface-induced activation of the blood from the wells and the other materials. 

Figure 13: The slide chamber model used for studies of reactions in whole blood. 

7.4 MALDI-TOF MS 
To identify adsorbed proteins on a model material surface (polystyrene) the 

proteins were eluted and separated with SDS-PAGE. Bands of interest were 
excised and the proteins were degraded by trypsin (in-gel digestion). Purified 
peptides were analyzed using reflectron mode on a Matrix-Assisted Laser 
Desorption/Ionization Time of Flight Mass Spectroscopy (MALDI-TOF MS, 
method reviewed in [138]). Proteins were identified with peptide-mass 
fingerprinting using the online software Profound.  
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7.5 Western blot analysis 
Western blot analyses were frequently used in order to identify proteins and 

for semi-quantitative measurements.  
 

7.6 COPAS  
A Complex Object Parametric Analyzer and Sorter (COPAS) was used to 

quantify surface adsorbed proteins on the synthesized polymer particles. 
Particles were incubated in plasma and after the incubation the polymers were 
washed with PBS-Tween. FITC-labeled antibodies recognizing C3, C1q, 
vitronectin and apolipoprotein A1 were added to the particles. A minimum of 
1,500 particles were collected in each measurement with the COPAS, which is 
a large-particle-based (20-1,500 μm) flow cytometry instrument (Union 
Biometrica, Somerville, MA). The COPAS flow cytometer was equipped with 
a 488/514 multiline laser and the acquired data were processed using FCS 
Express Software where histograms and mean fluorescence intensity (MFI) 
were obtained. 

 

7.7 Enzyme immunoassays  

7.7.1 Surface-bound C3/C4-fragments 

Levels of surface-bound fragments of C3 and C4 were determined with 
biotinylated anti-C3c and anti-C4c followed by HRP-conjugated streptavidin. 
Values are given as increase of absorbance.  

7.7.2 Fluid phase and surface-bound C4BP  
To measure soluble C4BP in plasma a sandwich EIA was developed with 

polyclonal anti-C4BP (kind gift from Prof. Lindahl, Lund, Sweden), used both 
for capture and for detection (biotinylated). Surface-bound C4BP was 
visualized in an analogous way. Purified C4BP was used as a standard and 
values are given as ng/mL.  

7.7.3 C3a 
The soluble anaphylatoxin C3a was measured with mAb 4SD17.3 

recognizing a neoepitope on C3a. Zymosan-activated serum calibrated against 
a solution of purified C3a served as a standard; values are given in ng/mL 
[139].  

7.7.4 Soluble C5b-9 complex (sC5b-9) 
sC5b-9 was measured using the anti-neoC9 monoclonal antibody aE11 

(Diatec Monoclonals AS, Oslo, Norway). Zymosan-activated serum with a 
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defined amount sC5b-9 (40 000 arbitrary units / mL [AU/mL]) was used as a 
standard [140]. 

7.7.5 Thrombin-antithrombin-complexes (TAT) 
Generated TAT-complexes were measured with a commercial ELISA-kit 

(Enzygnost®, TAT micro, Behringswerkr AG, Marburg, Germany). A 
standard prepared by diluting pooled human serum in normal citrate-
phosphate-dextrose plasma was used. Values were expressed as ng/mL.  

7.7.6 FXIIa-C1INH, FXIa-C1INH, and kallikrein-C1INH complexes  
Microtitre plates were coated with either anti-human FXII, FXI or 

kallikrein and the bound complexes detected with goat anti-human C1-
inhibitor. Standards for each assay were prepared by mixing purified FXIIa or 
FXIa with a molar excess of AT or C1INH (in the presence of heparin), 
followed by measurement of residual FXIIa or FXIa activity using the relevant 
chromogenic substrates. These standard solutions were diluted in normal 
plasma and included in each analysis. Values were expressed as nM [141]. 

 

7.8 Particle ELISA 

In order to quantify the proteins adsorbed to the synthesized polymer 
particles we developed an ELISA-like method. Particles of each polymer, 
incubated in plasma and washed with PBS-Tween, were mixed with the 
antibody of choice (biotinylated) in 2 mL eppendorf tubes. After 60 minutes 
incubation on intense rotation the unbound antibodies were removed. HRP-
conjugated streptavidin was used to detect the antibodies, followed by staining 
with OPD (o-phenylendiamine dihydrochloride) and the absorbance was 
measured at 490 nm. The results from these experiments were validated with 
the results obtained from the commercial COPAS-method. The results show a 
clear correlation between the data obtained from the two various methods. 
Significance was tested using a Pearson correlation test (p<0.0001). 

 

7.9 Multiplex assay 
Whole blood was exposed to the synthesized polymer particles and the 

plasma samples and plasma supplemented with eluate were analyzed using a 
multiplex cytokine assay (Bio-Plex Human Cytokine 27-Plex Panel, BioRad, 
Hercules, CA). The analyses were performed according to instructions from 
the manufacturer and results given as pg/mL.  
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8. RESULTS 
 
 
Paper I – In this study a comparison of the anticoagulants heparin (low-

dose, 1 IU/mL) and the recombinant form of hirudin (Lepuridin, Refludan®, 
50 μg/mL) was done in plasma and whole blood. The choice of anticoagulant 
is important to obtain reliable results when working with whole blood and 
since heparin is known to have a strong complement dampening effect at 
higher concentrations [142], it was of interest to investigate the effect of a low 
heparin concentration on the complement system as well as the blood cell 
activation.  

 
First, hirudin plasma was compared to serum, which historically has been 

used extensively in in vitro complement activation experiments. In order to do 
that, two separate experiments were performed: first hirudin plasma and serum 
were incubated with three known complement activators (HAGG [activates 
the CPW], CVF [replaces C3b in the APW-C3-convertase] and zymosan 
[activates the APW]) and further the plasma and serum were incubated on a 
polystyrene microtiter plate for different time periods. The complement 
activation (monitored as bound C3-fragments, generation of C3a and sC5b-9) 
was evaluated and the results showed that the serum and hirudin plasma 
behaved similarly when exposed to the complement activators, although the 
activation in serum was consistently higher. The complement activation also 
occurred much faster in serum (50% of total activation was reached already 
after 5 minutes), than in hirudin plasma (50% was reached after 30 minutes). 
However, after 60 minutes the level of activation in serum and hirudin plasma 
was comparable, although the activation in the plasma was slightly lower, 
consistent with the previous experiment.  

 
Further, the slide chamber model was used to expose aliquots of heparin-

blood and hirudin-blood to PVC surfaces and the complement activation, 
monitored as C3a-generation and formation of sC5b-9, was analyzed. 
Additionally, the activity of the coagulation system was measured (monitored 
as platelet loss). The results showed that the complement system was more 
active in the hirudin blood, compared to the blood containing low-dose 
heparin, while the coagulation system was more active in the low-dose heparin 
blood.  

 
To compare the biological response of the white blood cells, the PVC-slides 

used in the whole blood model were stained for cellular markers (CD11b, 
CD14, CD16, CD41 and TF). The results showed similar upregulation of the 
iC3b receptor (CD11b) on the white blood cells, as well as adherence of 
monocytes (CD14), granulocytes (CD16) and platelets (CD41) to the PVC-
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slides after exposure to blood, containing hirudin or heparin. However, the 
expression of TF was only found on monocytes adhering to surfaces which had 
been in contact with hirudin blood. 

.  
 
Paper II – In this project a new approach to gain an increased 

hemocompatibility of polymeric surfaces was investigated. In order to do that, 
we immobilized peptides from the bacterial M-protein (Streptococcus pyogenes); 
containing the C4BP-binding domain, to the surface of the model material 
polystyrene, see Figure 14. Since C4BP regulates the CPW and LPW of the 
complement system, we diluted the serum 1:8, to abolish the contribution of 
the alternative pathway, which is concentration dependent.  

 
The peptides were shown to be adsorbed to the polymer material and were 

not desorbed after continual washing steps (totally 18 hours). Further, it was 
shown that the peptides were able to protrude the layer of adsorbed plasma 
proteins and that they bound C4BP in a biologically active confirmation 
(determined as binding of the ligand C4b). By measuring the depletion of 
C4BP in serum after incubation on the peptide-coated surface, we were able to 
estimate the amount of bound complement regulator on the surface to be 
approximately 1 pmol/cm2. 

 
Figure 14: Schematic illustration of the attenuation of complement activation by surface-bound M-

peptides. Panel B shows an artificial surface coated with M-peptides. Upon blood contact, these M-

peptides bind serum C4BP and thereby indirectly also C4b, one of the building blocks in the classical 
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C3 convertase (C4bC2a). This will result in lower complement activation via the CPW. An 

uncoated surface which induces substantial complement activation is shown in panel A.  

By comparing the complement activation in diluted serum incubated on the 
peptide-coated surface or a control surface it was observed that the complement 
activation (monitored as bound C3- and C4-fragments) was almost totally 
inhibited already with low concentrations of peptide in the coating solution (1-
2 μg/mL). In addition, the generation of C3a was lower on the surfaces with 
peptide (decreased to 50%-80% of the value from the control surface, 
depending on which peptide that was analyzed), than the control surface. 
These results were confirmed by using serum from a patient with a defect 
alternative pathway. 

 
Paper III – Apyrase is a family of enzymes which are able to hydrolyze 

nucleoside tri- and diphosphates, including ATP and ADP. Soluble apyrase 
has been shown to function as a platelet inhibitor in different experimental 
settings. In this project the enzyme was instead immobilized to a polystyrene 
surface in an attempt to create a surface with lower platelet-induced 
coagulation activation, than the control surfaces.  

 
By subjecting platelet-rich plasma (PRP, containing citrate) to the enzyme-

coated surfaces as well as two control surfaces: coated polystyrene (HSA) and 
uncoated polystyrene (exposed as a scratch in the apyrase surface, see Figure 15) 
we were able to show that the adhesion of platelets was negligible for both the 
apyrase- and the albumin surfaces in non-activated PRP; however when the 
platelets were pre-activated with ADP the albumin surface showed significantly 
more deposited platelets and platelet aggregates, compared to the apyrase-
coated surface. The exposed of polystyrene on the apyrase surface was shown to 
be covered with activated platelets; however the surrounding apyrase surface 
contained no adhered platelets. 

 

 
Figure 15: Platelet deposition on a surface with immobilized apyrase and a scratch exposing 

the underlying polystyrene. 
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Further, PRP was incubated (without anticoagulant) on the apyrase surface, 
as well as on three control surfaces: HSA, avidin and uncoated polystyrene. 
The coagulation activation (monitored as platelet loss and the formation of 
TAT-complexes), complement activation (C3a) and the contact system 
activation (FXIIa and FXIa in complex with AT or C1INH) were measured 
after 60 minutes of exposure. The results revealed that the apyrase surface 
induced less platelet- coagulation- and contact activation (all parameters) than 
the control surfaces. No difference in complement activation was observed for 
the apyrase surface compared to the HSA- and avidin surfaces; however the 
polystyrene surface induced significantly higher complement activation.  

 
Cellular staining (CD42a and nuclei) were performed after exposing the 

surfaces, including apyrase, HSA, polystyrene and glass to whole blood (0.5 IU 
heparin/mL) for 60 minutes. The results showed that the adhesion of platelets 
and leukocytes was significantly lower for the apyrase- and albumin surfaces 
compared to the polystyrene- and glass surfaces. Those high-activating surfaces 
also displayed large amounts of platelet:leukocyte complexes which is a marker 
of cellular activation. Importantly, also the HSA surface showed a low number 
of cell complexes, while the apyrase surface was free from cellular complexes.   

 
 Paper IV –To be able to study how the composition of a polymer, as well 

as the adsorption of different plasma proteins, influences the 
hemocompatibility of a material an array of 33 different polymeric materials 
were synthesized. After initial screening experiments, based on the polymers 
complement activating ability (determined as the generation of C3a) 6 
polymers with heterogeneous properties and complement activating ability 
were selected for further studies (see Table 6). 

 
A BET-analysis of the selected polymers showed that the gas-accessible 

surface area ranged from 25 m2/g to almost 300 m2/g and the mean pore size 
ranged from 28 Å to 138 Å. The amount total protein adsorbed to each 
polymer was determined after incubation in EDTA-plasma and the results 
showed a heterogeneous binding level, ranging from 20 to 80 μg/mg polymer. 
In this study it was concluded that the polymers with larger pore size bound 
more protein, however, the surface area did not seem to influence how much 
proteins that were adsorbed.  

 
In order to identify the adsorbed plasma proteins, an initial study was done 

using the model material polystyrene. Proteins from either hirudin plasma or 
serum were allowed to adsorb on the polystyrene surface and after washing off 
unbound proteins, the remaining proteins were eluted and separated with 
SDS-PAGE. Visual bands were excised and the proteins were identified by 
peptide-mass finger printing using a MALDI-TOF mass spectrometer. 14 
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highly abundant plasma proteins were positively identified as adsorbed to the 
polymeric surface. 

 
Table 6: The composition of the six polymers and the reference materials selected for further analysis. 

The predicted properties of the polymers are based on the properties of included monomers and 

crosslinkers at physiological pH.  

Polymer Monomer  

(20%) 

 

Crosslinker 

(80%) 

Predicted properties 

of the polymer  

Functional group 

 

P1 

 

MAA  

 

 

DAP 

 

 

Hydrophilic 

Negatively charged 

 

 

-COO- 

P2 MAA DVB 

 

Hydrophobic  

Negatively charged 

 

-COO- 

P3 MAA EGDMA  

 

Hydrophobic  

Negatively charged 

 

-COO- 

P4 IPAAm  

 

EGDMA 

 

Hydrophobic  

 

-CONH2CH(CH3)2 

P5 Styrene EGDMA Hydrophobic  

 

-C6H5 

P6 HEMA  

 

EGDMA Hydrophobic  

 

-OH 

PS Styrene __ Hydrophobic  

 

- C6H5 

PVC Vinyl chloride __ Slightly hydrophobic  

 

-Cl 

Glass __ __ Hydrophilic  

Negatively charged 

 

-SiOH 

MAA: Methacrylic acid; DAP: N,N-diacryloylpiperazine; DVB: Divinylbenzene; EGDMA: Ethylene 

glycol dimethacrylate; IPAAm: N-isopropylacrylamide; HEMA: 2-hydroxyethyl methacrylate; PS: 

polystyrene; PVC: polyvinyl chloride 

 
 
In order to study the protein adsorption on the six selected polymers we first 

visualized the adsorbed protein pattern by SDS-PAGE, see Figure 16. The 
results showed a very heterogeneous binding of proteins to the different 
polymers. One polymer (P1, the most potent complement activator) was shown 
to enrich a high molecular weight protein on the surface. This protein was 
identified as C1q using Western blot analysis. Two other polymers (P5 and P6, 
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poor complement activators) displayed a specific pattern of adsorbed protein, 
with the enrichment of three proteins at 75, 45 and 25 kDa. These proteins 
were identified as vitronectin, and apolipoproteins AIV and AI.  

 

 
Figure 16: The adsorbed protein pattern from the polymers P1 through P6 separated by SDS-

PAGE. From the far left: M (molecular marker); P (plasma, diluted 1/50); P1-P6 (synthesized 

polymers); PS (polystyrene); PVC (poly vinyl chloride), Glass. The extensively enriched proteins 

were identified as C1q (410 kDa, arrow 1), vitronectin (75 kDa, arrow 2), apolipoprotein AIV 

(45 kDa, arrow 3) and apolipoprotein AI (25 kDa, arrow 4). 

 
To quantify the amount of selected plasma proteins adsorbed to the 

polymers we performed COPAS measurements (flow cytometer-like method 
for large particles) for four proteins. Further, the adsorption profiles of 20 
selected plasma proteins (including the proteins identified in the MALDI-
experiments, along with other selected proteins) were quantified using an 
ELISA-like method. The results verified the enrichment of C1q to P1, along 
with a high amount of IgG bound to the same polymer.  

 
Paper V – In this project we further investigated the hemocompatibility of 

the polymers synthesized and characterized in paper IV. To evaluate the 
complement and coagulation activation caused by the materials, we subjected 
planar surfaces of each polymer to whole blood for 60 minutes. The results 
showed that four of the polymer surfaces (P2, P3, P5 and P6) induced less 
complement activation (monitored as C3a generation and sC5b-9 formation) 
than the control surfaces, while two polymers (P1 and P4) were found to be 
potent activators of the complement system. The coagulation activation 
(determined as platelet loss and TAT-generation) was found to be lower for 
four of the polymers (P1, P3, P5 and P6) than for the control surfaces.  
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The contact activation (monitored as formation of complexes between the 

inhibitor C1INH and factor XIIa, fXIa and kallikrein) induced by the polymers 
was determined in hirudin plasma after 30 minutes exposure to particles of each 
polymer. The results showed that polymer P3 induced strong contact 
activation, followed by P1 and P2 that showed slightly elevated concentrations 
of the contact-induced complexes. The other polymers were shown not to 
induce any contact activation under this experimental setup.  

 
The level of 27 cytokines was measured after exposing of the polymer 

particles to whole blood (hirudin) for four hours. 17 of these 27 cytokines were 
above the limit of detection for the assay. In general the results showed that no 
T-cell generated cytokines were measurable in the samples, probably due to the 
limited time of incubation (4 hours). However, cytokines generated by other 
cell types (including macrophages, monocytes, platelets, granulocytes and B-
cells) were detected after exposure to the polymeric materials. The following 
chemokines were elevated in blood after polymer contact: IL-8, MCP-1, MIP-
1a, MIP-1b, eotaxin and IP-10. Concentrations of four four growth factors 
were elevated in blood after polymer contact: GM-CSF, PDGF, VEGF and 
FGF as well as several other mediators, including TNF-α, IFN-γ, IL-1ra, IL-
6, IL-9, IL-10 and IL-17. However, the levels of G-CSF, IL-1b, IL-2, IL-4, 
IL-5, IL-7, IL-12, IL-13, IL-15, and RANTES were all below the limit of 
detection for the assay. 
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9. DISCUSSION 
 

 
The frequency of use of biomaterials in clinical medicine is constantly 

increasing, and in many cases these materials are critical for patient survival. 
Foreign materials, including polymers, metals and composites are known to 
activate the complement- and the coagulation cascades, as well as the contact 
activation system and platelets to various degrees. This activation can lead to 
inflammatory states as well as an increased risk for clot formations [2, 6]. The 
degree of activation is dependent on the biocompatibility of the specific 
material and can vary extensively. Concerning commercially used biomaterials, 
there are three possible outcomes. Ideally, the activation caused by the material 
is mild and the patient is not aware of any adverse effects from the biomaterial, 
although the body will experience stress even from this low state of activation. 
The second scenario is that the activation process is relatively strong; however 
the side effects can be reversed by the administration of drugs, such as anti-
inflammatory treatments, platelet inhibitors, and anticoagulants. In the third 
case the activation caused by the material is so strong that the patient will suffer 
from various adverse effects, ranging from mild to severe problems, and in the 
worst case fatal incidences of whole body inflammation or clot formations. 
With this reality in mind, scientists all over the world are constantly working 
on developing new materials with increased biocompatibility or to alter the 
surface of existing materials in order to solve the enigma of incompatibility 
reactions. In this thesis challenges posed by materials with poor 
hemocompatibility have been addressed in several ways.  

 
In paper I we compared and evaluated two different anticoagulants for in 

vitro whole blood complement analyses. The choice of anticoagulant, as well as 
several other parameters in the experimental setup, is crucial to obtain 
biologically relevant results. Heparin is a commonly used anticoagulant for in 
vitro experiments; however high doses have been shown to have a complement 
dampening effect [142]. In this work low-dose heparin (1 IU/mL) and 
recombinant hirudin were used and the ability to activate the complement 
system in whole blood was compared. The results pointed out some important 
differences between the two anticoagulants.  

 
First, the ability to activate the complement system in hirudin plasma and 

serum was compared, when subjected to known complement activators. Serum 
is commonly used in in vitro complement assays. The results showed that the 
activation in hirudin plasma was a bit delayed and the level of activation was 
consistently slightly lower in hirudin plasma, than in serum. Since the main 
difference between serum and plasma is the presence of the coagulation 

57 



proteins in plasma (most abundant is fibrinogen at 3 g/L), we wanted to 
investigate if the presence of fibrinogen affected the total complement 
activation ability. When biologically relevant levels of purified fibrinogen was 
added back to the serum samples it was observed that the complement 
activation became slightly delayed and did show a lower total activation, 
compared to serum alone. These results suggest that fibrinogen present in 
plasma (and blood) can act by masking parts of the complement activating 
surface, as well as the initially adsorbed activating proteins, such as C3b and 
IgG. The addition of the anticoagulant hirudin to the serum samples did not 
affect the activation ability.  

 
Additionally, the results from the whole blood experiment showed that it 

was possible to activate the complement system to a higher extent in the 
hirudin blood compared to the heparin blood. Importantly, the cell surface 
activation marker TF was detected on cells that had bound to PVC-slides 
subjected to hirudin blood, but not low-dose heparin blood. This finding is of 
high biological significance since TF is expressed on activated leukocytes 
(mainly monocytes) in vivo where it serves as an important platform for 
coagulation activation. This indicates that the hirudin system is more 
biologically active, not only at the protein level but also for cellular activation, 
and therefore is more suitable for in vitro whole blood complement studies, 
than the heparin system.  
 

In paper II the possibility of creating a self-regulatory biomaterial surface 
was explored. To do that, peptides from the streptococcal M-protein, with the 
ability of selectively binding the complement regulator C4b binding protein 
(C4BP), were used. By attaching the peptides on a model material surface 
(polystyrene) it was shown that the autologous complement regulator was 
bound to the polymer surface, via the M-peptides. The high amount of the 
complement regulator on the surface significantly lowered the biomaterial-
induced complement activation, caused by the CPW. To our knowledge this is 
a completely new approach to regulate the activation of the complement system 
on a biomaterial surface, and the method shows several interesting possibilities. 
First, the peptides can be produced both recombinantly and synthetically which 
is cheap and fast methods, compared to the purification of whole intact 
regulatory proteins. Secondly, the risk of blood-borne diseases which is 
constantly present when working with purified regulators is completely absent. 
Third, by combining structures with affinity for several different regulators of 
the blood cascade systems a superior biomaterial surface could possibly be 
obtained. 

 
Some limitations concerning this project are the fact that C4BP only 

regulates the CPW of the complement system, and has no effect on the 
alternative pathway. The powerful amplification loop of the APW is of major 
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importance independently of which pathway that was triggered, giving the 
initial stimuli for the complement activation. Therefore, we were only able to 
show decreased complement activation in serum and in blood lacking activity 
from the alternative pathway. Another issue is that the immobilized structures 
must be non-immunogenic. In this study it was concluded that the majority of 
the tested blood donors (n = 70) had antibodies against the bacterial peptides, 
which highlights the importance of removing the bacterial resemblance of the 
peptide and only use the ligand binding sequence. 

 
In paper III the possibility to create an autoregulatory surface was further 

explored, by immobilization of an enzyme from the apyrase family to the 
polymer surface. Apyrase has the ability to hydrolyze nucleoside tri- and 
diphosphates. One member of the apyrase family is CD39 which is found on 
the human endothelial cell membranes where it acts by inhibiting the ADP-
dependent platelet activation. Recombinant soluble CD39 has earlier been 
described to decrease platelet activation in vivo [143]. Our results showed that 
apyrase attached to the polystyrene surface decreased the platelet activation 
both in platelet-rich plasma (with citrate or without anticoagulant) and in 
whole blood (heparin, 0.5 IU/mL). This reduction in platelet activation is due 
to the continuous breakdown of released ADP from the fraction of activated 
platelets, which thereby inhibits further ADP-dependent platelet activation. 

 
Staining for cells on the surfaces from the whole blood experiments revealed 

that two of the control surfaces, polystyrene and glass, not only had high 
amounts of leukocytes and platelets present on the surfaces, but that the cells 
were found in complexes to a high extent. Such complexes are markers of 
platelet activation, due to the fact that activated platelets express P-selectin and 
CD40L on their surface which facilitates the adherence to leukocytes. Both the 
apyrase surface and the albumin control surface showed fewer cells adhered 
over all, and an important difference between these surfaces is that the albumin 
surface has platelet-leukocyte complexes present, while no complexes were 
found on the apyrase surface. Taken together, the results from this study show 
promising results regarding the possibility of using surface-immobilized apyrase 
to decrease platelet activation on a biomaterial surface.  

 
In Paper IV an array of polymers (33 different) was synthesized. This was 

done by combining 3 different crosslinkers and 8 different monomers, all 
soluble in either water or ethanol. After physical-chemical characterization and 
initial complement activating experiments, 6 of the polymers were chosen for 
further studies. The chosen polymers showed different ability to activate the 
complement system; they consisted of heterogeneous components; and had 
various predicted physical-chemical properties.  
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The total amount of protein adsorbed to 1 mg of polymer particles was 
determined after incubation in EDTA-plasma and the results showed that 
three of the polymers (P1, P3 and P6) bound high amounts protein, one 
polymer bound intermediate amounts of protein (P5), while two polymers (P2 
and P4) bound extensively less proteins. By comparing the pore size 
distribution and the surface area of the polymer particles, it was concluded that 
that in this study the polymers with smaller pores (<3 nm) bound less proteins, 
while particles with a larger pore size (>5 nm) bound higher amounts. This 
could be explained by differences in the total accessible area exposed to the 
proteins, since medium size plasma proteins (50-100 kDa) and large plasma 
proteins (>100 kDa) have difficulties entering small pores. In this study we did 
not see any correlation between the surface area and total protein adsorption.  

 
The adsorbed protein pattern was visualized by SDS-PAGE and the 

differences in the protein pattern were striking. One polymer (P1) was found to 
enrich large amounts of a high molecular weight protein, which was identified 
as the complement activation protein C1q by Western blot analysis. P1 is 
predicted to have a negative charge due to the content of the monomer MAA, 
which might partly explain the high binding of the cationic protein C1q. 
Another contributing factor seems to be the presence of the crosslinker DAP. 
All DAP-containing polymers analyzed showed a high binding of C1q, which 
could be due to the high electron density present in this crosslinker.  

 
Two of the polymers (P5 and P6) showed a very distinct adsorption pattern 

with a clear enrichment of three proteins, identified as vitronectin, 
apolipoprotein AIV, and apolipoprotein AI. Vitronectin, as well as 
apolipoproteins, have been observed to adsorb to biomaterial surfaces in 
significant amounts earlier, although the biological importance of bound 
apolipoproteins is still elusive [144]. Reports have also indicated that 
adsorption of HDL lipoproteins might reduce the adsorption of other proteins 
(i.e. albumin, IgG and fibrinogen) to polymeric surfaces (PS and PVC) [145] 
which might be of importance for reducing the area accessible for adsorption of 
potentially activating proteins. Taken together, a series of polymer particles, 
well characterized with regard to physical-chemical properties and protein 
adsorption ability, can now be used in hemocompatibility studies.  

 
In paper V we continued working with the polymers characterized in paper 

IV. The hemocompatibility of the polymers were evaluated with regard to 
complement-, coagulation- and contact activation ability.  Furthermore, the 
degree of inflammation caused by the polymers was determined as the 
generation of cytokines in whole blood.  

 
The results from the whole blood experiments showed that four of the 
polymer surfaces (P2, P3, P5 and P6) induced less complement activation than 
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the control surfaces. P1 induced the highest complement activation, consistent 
with the results from paper IV, together with P4. P1 was shown to bind high 
amounts of the complement activating proteins C1q and IgG, which probably 
is the main explanation of the high complement activation observed for this 
polymer. Interestingly, the polymers that induced the highest complement 
activation (P1 and P4) have two, respectively one amide functionalities from 
DAP (the crosslinker in P1) and IPAAm (monomer in P4). This is a feature 
which is not found in the other monomers or crosslinkers used in this study. 
The higher electron density might influence these polymers observed reactivity 
since electron density is described to be important for the hemocompatibility 
[103].  In the coagulation analysis, four surfaces (P1, P4-6) were identified as 
being less thrombogenic, than the reference surfaces. P2 and P3, which 
induced the highest coagulation activation, are predicted to possess negatively 
charges which could explain the coagulation activation. However, P1, also 
negatively charged, did not induce much coagulation activation. This 
difference could perhaps be due to the presence of the regulatory protein 
C1INH that was found to adhere to P1 to a high extent. Polymers P5 and P6 
adsorbed high amounts of apolipoproteins, and HDL-proteins including 
ApoAI, have been described to possess anticoagulant properties [146], [147]. 

 
The negatively charged P3 was the only polymer that induced strong 

activation of the contact system, monitored as the formation of FXIIa-C1INH, 
kallikrein-C1INH, and FXIa-C1INH complexes. This is consistent with 
polymer P3’s ability to induce coagulation activation via surface-mediated 
contact activation, which was reflected in the blood chamber model where P3 
caused both the highest platelet loss and the highest TAT generation. 

 
Different inflammation markers (cytokines, chemokines and growth factors) 

were measured in the blood which had been in contact with the polymers using 
multiplex technology. In our study the polymers differed considerably in 
cytokine induction. E.g. P4, P5 and P6 all induced high amounts of eotaxin 
and IL-8 suggesting that these polymers may recruit eosinophils, basophils, 
and neutrophils and thus support an inflammatory response. These polymers 
also induced release of substantial amounts of growth factors (PDGF and 
VEGF) indicating that insertion of these polymers into tissues might affect 
angiogenesis.  

 
It should also be pointed out that two of the negatively charged test 

polymers: P3 but also to a lesser extent P1, were found to adsorb large amounts 
of secreted cytokines. This was also observed to the cationic anaphylatoxin C3a 
(pI~11.3) in paper IV. This fact results in lower values for these analytes in the 
plasma samples, since the majority of the analyte instead is adsorbed to the 
polymer. 
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10. CONCLUSIONS AND PROSPECTS 
 
 

Paper I:  
In this study hirudin was shown to be a more suitable anticoagulant for in 

vitro whole blood studies than heparin (low-dose), with regard to complement-
focused studies. 

 
Paper II: 

By attaching peptides with affinity for human C4BP to a model biomaterial 
surface the complement activation was decreased. It would be of great interest 
to evaluate structures capable of binding other regulatory proteins, for instance 
fH, both alone and in combination with C4BP-binding peptides similar to 
those used here. 

 
Paper III: 

Immobilized apyrase on a polymer surface was shown to decrease the 
platelet-induced coagulation activation. Again, combinations of regulatory 
molecules on the same surface are an interesting approach to explore, in order 
to targeting different cascade systems of the blood. 

 
Papers IV and V: 

The constituents of polymeric materials were shown to influence the pattern 
of adsorbed plasma proteins greatly. In turn, the protein layer was shown to 
determine the hemocompatibility of the material. By evaluating some of the 
polymers in an animal model, correlations between inflammation in vitro and 
in vivo could be made. It would also be of great interest to further investigate 
the strong enrichment of C1q to P1 (together with the other DAP-containing 
polymers). 

 
Taken together, we have shown multiple approaches to increase the 

hemocompatibility of either an existing material, due to surface modifications; 
or novel polymeric materials, by altering the components of the material. By 
increasing the knowledge about the complex processes of blood-biomaterial 
interactions, both on protein- and cellular levels, new biomaterials with 
customized properties and increased hemocompatibility can be developed.  
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