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Abstract 
Blood is a vital part of the human physiology; a transport system that brings nutrients and oxygen 
to sustain living cells and simultaneously facilitates the removal of carbon dioxide and other 
waste products from the body. To assure the continuity of these functions, it is of uttermost 
importance to keep the flowing blood inside the vascular system at any cost. The principal 
components of the haemostatic system are the blood platelets and the plasma coagulation system, 
both working in concert to create a blood stopping haemostatic plug when a vessel is ruptured. 
In modern health care, methods for treatment and diagnostics often implicate the contact 
between blood and artificial materials (biomaterials). Biomaterial surfaces may activate platelets 
and the coagulation cascade by exposing a surface that during blood contact shares certain 
characteristics with surfaces found at the site of vascular injury. Therefore it is of great 
importance that the mechanisms behind the interactions between foreign surfaces and blood are 
studied in order to minimize, and if possible, prevent unnecessary reactions that may lead to 
thrombosis. 

This thesis describes two important methods to study blood – surface interactions in terms of 
surface induced plasma coagulation and platelet adhesion/aggregation. The method ‘Imaging of 
coagulation’, a coagulation assay based on time-lapse image capture of the coagulation process 
was developed during the course of this work. The use of images enables the method to answer 
questions regarding where coagulation was initiated and how fast coagulation propagates. Such 
questions are highly relevant in the study of blood-biomaterial interactions but also in general 
haemostasis research. In vivo, platelet adhesion and aggregation are events that always proceed 
under flow conditions. Therefore we also developed a cone-and-plate flow model to study these 
mechanisms under similar conditions in vitro. The cone-and-plate setup was found to be a flexible 
platform and was used for both blood compatibility testing of potential biomaterials as well as for 
general haemostasis research. 

With the above mentioned methods we tested the haemocompatibility of glycerol monooleate 
(GMO), a proposed substance for use in biomaterial applications. It was found that GMO did 
not activate coagulation to any great extent either in plasma or in whole blood. 

Surface induced coagulation and platelet adhesion was also studied on PEG-containing hydrogels 
and compared with hydrogels constructed from three different non-PEG-containing monomers. 
It was concluded that all the grafted hydrogels, in particular those produced from the monomers 
2-hydroxyethyl methacrylate (HEMA) and/or PEG- methacrylate (PEGMA), demonstrated good 
haemocompatibility. 
 
Supported phospholipid bilayers were used to investigate the relationship between surface charge 
and procoagulant activity. The coagulation process was studied in a straightforward manner using 
the imaging of coagulation setup. We concluded that the content of negatively charged   
1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] (POPS) in the bilayer must exceed ~ 6% 
for the bilayer to exert procoagulant activity. 

The physiological role of factor XII in human haemostasis and thrombosis was investigated in 
the imaging of coagulation setup and the cone and plate setup by the use of surfaces with 
thrombogenic coatings. We found that tissue factor initiated coagulation could be greatly 
accelerated by the presence of contact activating agents in a platelet dependent manner.  

In conclusion, the method ‘Imaging of coagulation’ and platelet adhesion/aggregation in the 
cone-and-plate flow model are both versatile methods with many possible applications. The 
combination of the two methods provides a solid foundation for biomaterial and haemostasis 
research.  
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               Abbreviations 

 

 

ADP  Adenosine 5’-diphosphate

 

AMC  7-Amido-4-methylcoumarins

 

ATP  Adenosine 5'-triphosphate

 

CEA  2-carboxyethyl acrylate

 

CTI  Corn trypsin inhibitor

 

DAPI  4',6-diamidino-2-phenylindole

 

DMSO  Dimethyl sulfoxide

 

EGMEMA  Ethylene glycol methyl ether methacrylate 

 

FITC  Fluorescein isothiocyanate

 

FOR  Free oscillation rheometry

 

FT-IR  Fourier transform infrared spectroscopy 

 

GMO  Glycerol monooleate

 

GP  Glycoprotein

 

HEMA  2-hydroxyethyl methacrylate

 

HMWK  High molecular weight kininogen

 

HSA  Human serum albumin

 

LED  Light emitting diode

 

PAR  Protease activated receptor

 

PBS  Phosphate-buffered saline

 

PC  Phosphatidylcholine

 

PE  Phosphatidylethanolamine

 

PEGMA  Poly(ethylene glycol) methacrylate

 

PFP  Platelet-free plasma

 

PMMA  Poly(methyl methachrylate)

 

POEPC  Palmitoyl-oleoyl-glycero-3-ethyl-phosphocholine 

 

POPC  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

 

POPS  1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] 

 

PPP  Platelet-poor plasma

 

PRP  Platelet-rich plasma

 

PS  Phosphatidylserine

 

PS  Polystyrene

 

QCM-D  Quartz crystal microbalance with dissipation 

 

RF  Radio frequency 

 

SIPGP  Self-initiated photografting and photopolymerization 

 

SPR  Surface plasmon resonance 

 

TF  Tissue factor

 

VWF  von Willbrand factor
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Chapter 1 
 

 

1. Introduction 
Blood is a vital part of the human physiology; a transport system that brings nutrients and 
oxygen to sustain living cells and simultaneously facilitates the removal of carbon dioxide 
and other waste products from the body. Blood borne cells and enzymatic systems are 
also involved in the body’s defense to keep foreign substances and organisms from 
causing harm. To assure the continuity of these functions, it is of uttermost importance to 
keep the flowing blood inside the vascular system at any cost. The acute response 
mechanisms that are initiated to stop bleeding when blood vessels are injured are all 
comprised in the term haemostasis, from Greek meaning blood-stop. Since the blood is 
contained in a pressurized system, the temporary vessel repair mechanisms of haemostasis 
have to act tremendously fast and efficient in order to prevent excessive bleeding. 
However, such a potent system also requires the addition of strong regulatory 
mechanisms to keep it in a perfect balance so that the haemostatic response is not 
activated at the wrong time or in the wrong place. If the haemostatic system is too 
effective, if the control mechanisms fail or if the haemostatic mechanisms respond to 
triggers that are not specific to a vessel injury, the potent haemostatic system can also lead 
to unwanted thrombosis with subsequent vessel occlusion or embolism, ultimately 
causing substantial physiological damage. This is also the case when artificial materials 
come into contact with blood and the haemostatic mechanisms mistakenly identify the 
material surface as a vessel injury. This is an important issue today since biomaterials are 
commonly used in the clinic for both diagnostic and treatment purposes.  

The principal components of the haemostatic system are the blood platelets and the 
coagulation system, working in concert to create a blood stopping haemostatic plug. Both 
platelets and the coagulation system are well known to rapidly respond to artificial 
surfaces, and therefore it is of great importance that the mechanisms behind the 
interactions between foreign surfaces and blood are studied in order to minimize, and if 
possible, prevent unnecessary reactions in terms of thrombosis when blood and 
biomaterials meet. 
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In this thesis I will present the development of methods for blood – material interaction 
studies as well as the main results that can be attributed to these methods. The method 
for imaging of coagulation (described in Paper I) was found to be a very versatile 
platform for coagulation studies. The method is compatible with almost any kind of 
surface and has been extensively used throughout my research (Paper I–V).  The 
development of a flow model to study platelet adhesion and function during flow 
conditions did also make a great contribution to my work (Paper II, III and V).  
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Chapter 2 
 

2. Haemostasis 
The haemostasis is a complex and efficient system that keeps the blood in balance 
between bleeding and thrombosis. In a healthy individual the blood is maintained in a 
flowing state during its passage through the vascular system, but always ready to rapidly 
form a haemostatic plug that will prevent unrestricted bleeding when a vessel is ruptured 
(Figure 1a). The normal haemostatic response occurs after a vessel has been damaged and 
the response can be divided into a primary and secondary stage. The primary stage 
includes the adhesion of platelets to the damaged vessel wall (Figure 1b), and platelet 
activation facilitating the recruitment of more platelets to the damaged area. These 
platelets form a platelet plug that initially stops the bleeding (Figure 1c) (reviewed in (1)). 
The second stage in the haemostatic plug formation is the coagulation process, initiated 
by exposed tissue factor on the damaged vessel wall. Coagulation is driven through a 
complex enzymatic pathway that involves several zymogen-to-enzyme conversion steps 
and allows the reaction to undergo great intrinsic amplification. The final step in this 
cascade is the conversion of soluble fibrinogen into an insoluble fibrin network. The 
coagulation process is accelerated by activated platelets and will ultimately form a 
stabilizing fibrin network that will secure the platelet plug until the vessel wall is restored 
(Figure 1d) (reviewed in (2)).  

 

 

Figure 1. The sequential events following vessel injury: a) Schematic illustration of the vessel, b) platelet 
adhesion to collagen in the subendothelial matrix, c) platelet aggregation and activation; forming a 
platelet plug that initially stops bleeding, d) fibrin network formation (coagulation) stabilizes the platelet 
plug. 
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After the haemostatic system has played its part and the vessel integrity is restored by 
vessel repair mechanisms, the clot needs to be cleared in order to regain unobstructed 
blood flow. This is taken care of by the fibrinolytic system that digests the fibrin network 
into small soluble fragments that can be transported away by the blood flow. The pathway 
of fibrinolysis share similarities with the coagulation cascades and the key protein 
plasminogen is activated by zymogen-to-enzyme conversion (reviewed in (3, 4)). 
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2.1 Platelets and platelet plug formation - Primary haemostasis 

The platelet 

The platelets are small non-nucleated cells circulating in our vascular system with a 
primary function to initially arrest bleeding from a damaged vessel by rapidly creating a 
platelet plug. Platelets and not replicate by cell division but originate from the bone 
marrow where they are shed off into the blood stream from the large megakaryocytes (5). 
Platelets are the second most abundant cellular component in healthy blood, and the 

platelet concentration is in the range of 150 – 350 ×109/L (6). The average lifespan of 

circulating platelets is estimated to between 7 and 10 days (7). The platelet surface is 
packed with functional receptors to facilitate platelet activation and interactions with 
subendothelial matrix, other blood cells and other platelets. The platelet also contains 
several granules that upon activation can fuse with the platelet membrane and thereby 
release their content into the surrounding media. The granules are categorized into the 
larger α-granules, the smaller dense granules and lysosomes. α-granules contain a large 
variety of biological active substances involved in haemostasis, e.g. platelet activation and 
adhesion molecules, plasma coagulation factors and fibrinolysis proteins. The dense 
granules mainly contain ions and smaller signal molecules such as adenosine 5’-
diphosphate (ADP), adenosine 5’-triphosphate (ATP) and serotonine. Lysosomes contain 
acid hydrolase, cathepsin and lysosomal membrane proteins (8).  Recent findings 
furthermore suggest the existence of two distinctly different types of α-granules that are 
selectively released depending on activation pathway. Most interestingly, these 
subpopulations contain either pro-angiogenic or anti-angiogenic mediators such as 
vascular endothelial growth factor (VEGF) or endostatin, respectively (9).  A rapid and 
effective response from the platelets is vital. To ensure this function the platelet are very 
sensitivity towards external stimuli and can undergo a fast activation process that is 
enhanced by intrinsic activation feedback loops in the form of autocrine and paracrine 
signaling (reviewed in (10)). A schematic illustration of the platelet, including principal 
adhesion, activation and aggregation receptors is presented in Figure 2.   

Platelet adhesion 

Following vessel wall injury, platelets rapidly adhere to exposed elements in the 
subendothelial matrix; initiating the first step in the haemostatic response leading to the 
formation of a platelet plug. This primary adhesion is mediated by the synergistic function 
of several receptors on the platelet surface. Collagen is the main component of the 
subendothelium matrix and is also considered to play the principal role in the adhesion 
process. Nine types of collagen have been identified in the vessel wall but the main 
constituents have been determined as collagen type I and type III (11). 
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Figure 2. A schematic illustration of the platelet and its main functional receptors. Platelets adhere to 
collagen in the damaged vessel wall through adhesion receptors. The adhesion receptors can contribute 
to platelet activation and thereby stimulate the release of autocrine activators such as ADP and TxA2. 
Upon activation the platelets are capable of forming platelet aggregates by linking to fibrinogen 
molecules with the GPIIb/IIIa receptor. Thrombin, produced by activation of the coagulation cascades can 
also activate PAR1 and PAR4 by proteolysis of the receptor. 

 

The local flow conditions are also important in determining the platelet behaviour. Blood 
is always moving inside the vessels, but the conditions can vary from almost stagnant to 
extremely high flow rates. The velocity of blood, in relation to the stationary vessel wall, 
gives rise to shear forces in the moving blood that can be described by a velocity gradient. 
Shear forces will lead to a higher concentration of erythrocytes and other large blood cells 
in the middle of the high-velocity flow, and the platelet concentration will be highest 
closer to the vessel wall where the fluid velocity is lower (12, 13). The highest shear rate, 
or velocity gradient, is always found closest to the vessel wall (12). Under high shear 
conditions, the initial tethering and arrest of platelets from the flowing blood to collagen 
is facilitated by the glycoprotein (GP) Ib-IX-V receptor, a heterotrimer composed of two 
disulfide linked GPIbα-GPIbβ in complex with two GPIX and one GPV (14, 15). The 
binding is mediated by von Willebrand factor (VWF), a multimeric plasma protein that 
rapidly binds to exposed collagen. Long multimers of VWF can contain several binding 
sites for the GPIb-IX-V adhesion receptors and upon binding GPIb-IX-V is capable of 
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outside-in signaling leading to platelet activation (16, 17). The GPVI receptor binds 
directly to collagen via the specific Gly-Pro-Hyp peptide repeat sequence and has an 
important role in platelet activation by outside-in signaling (18, 19). The GPVI activation 
has been found to be mediated by the Fc receptor γ-chain, also involved in platelet 

interaction with immunoglobulins (20, 21). The integrin α2β1 adhesion receptor (also 

known as GPIa/IIa) can bind to collagen directly. Although it has been indicated that the 

α2β1 integrin is not involved in the initial tethering of platelets to collagen under high 
shear, it is still considered important for firm adhesion and securing the platelets (22). 

α2β1 has also been proposed to be involved in platelet spreading on the collagen surface 

(23). The integrin α2β1 receptor must be activated by inside-out signaling to attain a state 

of high affinity for its ligand (24). The two collagen receptors GPVI and α2β1 are both 
essential for platelet adhesion and aggregation on collagen in flow conditions, blockade of 
either receptor will abolish the platelet plug forming capabilities (25).   

Platelet aggregation  

Once a primary layer of adhesive platelets have covered the exposed subendothelial 
matrix, subsequent adhesion will continue but in the form of aggregation, where platelets 
from flowing blood bind to adhered platelets at the wound site. The mechanism of 

platelet aggregation is mainly attributed to the integrin αIIbβ3 (also known as GPIIb/IIIa) 

receptor. The main ligand of integrin αIIbβ3 is fibrinogen but the receptor also have 
affinity for multimeric vWF, vitronectin, fibronectin and thrombospondin (26).  The 

mechanism of aggregation involves two integrin αIIbβ3 receptors on different platelets 

that bind to the same fibrinogen molecule. The αIIbβ3 receptor has a low and a high 

affinity state for binding fibrinogen. The high affinity state is achieved by inside-out 

signaling when platelets are activated (27). The αIIbβ3 receptor can also mediate outside-in 
signaling by binding fibrinogen (28).  

Platelet activation 

In order for the recruitment of platelets to continue during the aggregation phase it is 
necessary that the activated state of the adhered and aggregated platelets can be 
propagated to newly arriving platelets. This propagation of activation is executed via 
potent autocrine and paracrine signaling pathways. Activated platelets will secrete 
abundantly of ADP and ATP from dense granule that in turn may activate neighboring 
platelets via ADP and ATP sensitive receptors. ADP is a ligand to the receptors P2Y1 and 
P2Y12, located on the platelet surface (29, 30). The P2Y receptors are seven 
transmembrane spanning proteins that transmit outside-in signaling by coupling to G-
proteins (31). The P2X1 receptor is a ligand gated cation channel and was not until the 
year 2000 disclosed as a specific ATP receptor. Its main function has been suggested as 
potentiating mechanism for other activation pathways (32).  
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Following initial platelet activation, the signal molecule thromboxane A2 (TxA2) is rapidly 
synthesized and released by platelets. The target for TxA2 is the TPα receptor, a seven 
transmembrane spanning receptor that is coupled to G-proteins on the cytosolic side. 
TxA2 is a lipid signal molecule synthesized by arachidonic acid metabolism, and the 
synthesis can be effectively inhibited by aspirin treatment, resulting in the attenuation of 
platelet activation (33, 34).   

During thrombus formation, the simultaneous activation of the coagulation cascade 
results in generation of the key coagulation enzyme thrombin. Thrombin has a dual role 
in haemostasis, as it in addition to facilitating the fibrin network formation also has a 
function as an activator of two distinct platelet receptors, namely the protease activated 
receptors (PARs) 1 and 4. Thrombin acts on the PARs by cleaving off a small peptide 
from its exposed extracellular part of the N-terminus. The cleavage results in a new 
tethered N-terminus that functions as a ligand and thereby mediates the activation of the 
receptor. The outside-in signaling event is further propagated on the intracellular side by 
coupled G-proteins (35, 36). Although PAR1 and PAR4 couple to the same G-protein 
subtypes, PAR1 and PAR4 apparently differ in terms of affinity for thrombin and the 
duration of intracellular signalling. It has been proposed that PAR1 has a higher affinity 
for thrombin than PAR4 (37-39); however, there is evidence that PAR4 is also activated 
by thrombin at low concentrations (39). Furthermore, GPIbα binds thrombin with high 
affinity and has been proposed as a cofactor for the PAR activation mechanism by co-
localization of thrombin with the PAR receptors, thus facilitating their cleavage (40).  

A large number of the platelet signaling receptors are coupled with G-proteins on the 
cytosolic side and such receptors are therefore termed G-protein coupled receptors 
(GPCRs). There are several types (and subtypes) of G-proteins in platelets and the most 
prominent are Gq, Gi, Gz and G13. Their respective activation will propagate through 
different intracellular signaling pathways and lead to differential activation responses 
(reviewed in (41)). The platelet receptors are an exceptionally important part of the 
functionality of the haemostatic system and deficiency of functional platelet receptors 
often result in bleeding disorders (reviewed in (42)). 
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2.2 Coagulation - Secondary haemostasis 
Coagulation is the transformation of flowing blood into a stable gel, and the 
transformation is the result of complex enzymatic mechanisms that initiate when blood 
comes in contact with extravascular surfaces. The gelling of blood is accomplished when 
soluble fibrinogen molecules undergo enzymatic cleavage and assemble into insoluble 
fibrin fibers. The growing fibrin fibers will create a fine interconnected network and trap 
blood cells, forming a gel of blood termed coagulum or clot. The intricate enzymatic 
process of blood coagulation was first described in fullness during the year 1964. Davie 
and Ratnoff presented their theory of blood coagulation as a “waterfall sequence” of 
coagulation factor activation (33). Independently, and almost at the same time, very 
similar conclusions were drawn by Macfarlane who published his idea of the coagulation 
mechanisms as an “enzyme cascade”(43).  Both publications describe how the activation 
of factor XII leads to a sequential activation of five coagulation factors in stepwise order, 
ending with the enzymatic cleavage of fibrinogen by the enzyme thrombin. This cascade 
theory laid the foundation for modern coagulation research. The functional enzymes in 
the coagulation cascades are termed coagulation factors and are assigned a specific roman 
number. To distinguish between an activated coagulation factor from the zymogen, the 
activated factor number is suffixed with an “a”. Five of the zymogens involved in the 
coagulation cascades are vitamin K-dependent serine proteases, factor VII, factor IX, 
factor X, prothrombin and protein C, all containing a characteristic domain with γ-
carboxyglutamic acid residues (Gla domain) (44). The Gla domain have also been 
recognized to mediate the binding of the enzyme to phospholipid bilayers in a Ca2+ 
dependent manner (45). Inhibition of the γ-carboxylation of coagulation factors results in 
drastic attenuation of coagulation, and has for a long time been used in anticoagulation 
therapy by the administration of warfarin [reviewed in (46)].    

The two pathways of the coagulation cascade 

There are two separate initiation mechanisms for the enzymatic coagulation cascade, both 
leading to the same endpoint; fibrin network formation. The two pathways following 
these initiation mechanisms are termed the intrinsic and extrinsic pathway. The names are 
derived from the fact that all functional components of the intrinsic pathway are blood 
borne, whereas the triggering component of the extrinsic pathway, tissue factor, is not 
found in blood, but in extravascular tissue. Although there are major differences in the 
activation mechanism and the subsequent enzymatic steps, both the intrinsic and extrinsic 
pathways converge into the common pathway, ultimately leading to fibrin formation. 
Extensive research in the area has with time revealed that these pathways are highly 
interconnected and also dependent on platelet surface association for proper function (for 
review see (47)).         
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Tissue factor activation 

The extrinsic pathway is the main contributor to physiological activation of coagulation in 

vivo. The pathway is initiated by tissue factor (TF), an integral membrane glycoprotein 
found in extravascular tissue (48, 49). TF can bind the blood born factor VII (FVII) as 
well as its active form, factor VIIa (FVIIa). FVII is mainly found in circulation as the 
inactive zymogen, but reports state that 1-2 % of the total amount is in the activated 
form, FVIIa (50). TF itself has no enzymatic function, but serves as a cofactor and 
facilitates rapid auto-activation of FVII and equally important, dramatically enhances the 
enzymatic activity of FVIIa (51).  The TF:FVIIa (extrinsic Xase) complex can activate 
both factor X (FX) and  factor IX (FIX) into their active forms (50), and as part of an 
initial amplification loop, both FX and FXI contribute to further initiation of coagulation 
by feedback activation of more FVII to FVIIa (52, 53). Also, an inhibiting mechanism of 
FXa has recently been proposed, due to the fact that  FXa remains reversibly bound to 
the TF:FVIIa complex after activation, hence blocking further activation of remaining FX 
(54). The small amounts of FXa that are initially formed lead to a limited conversion of 
the zymogen prothrombin to the enzymatically active thrombin. The minor amount of 
thrombin produced through the extrinsic Xase pathway is however insufficient for 
complete fibrin formation but is enough to activate platelets through PAR receptors as 
well as converting the cofactors factor V (FV) and factor VIII (FVIII) in the intrinsic 
pathway to their active forms. The activated FVIIIa can in turn form a complex with 
FIXa, previously activated by the extrinsic pathway. The FIXa:VIIIa complex (intrinsic 
Xase), preferentially assembles on the phospholipid membrane of activated platelets (55, 
56), where it effectively activates FX at a far greater conversion rate than the extrinsic 
Xase complex (57). The rapidly forming FXa will thereafter form the prothrombinase 
complex together with FVa, also located on the phospholipid membrane (58). The 
FIXa:VIIIa and the FXa:FVa complexes are both highly efficient and will in short time 
raise thrombin concentration levels sufficiently to facilitate fibrin network formation. An 
additional amplification step constitutes the feedback activation of FXI by thrombin, 
subsequently generating activated FIX, and thereby boosting the ongoing activation of the 
intrinsic pathway (59). This amplification mechanism is however only considered relevant 
in a setting with a low level TF exposure (60), e.g. after tissue factor pathway inhibitor 
(TFPI) shuts down further TF-dependent activation (61). The activation of factor XI by 
thrombin has been proposed to occur on the platelet surface since both factor XI and 
thrombin can bind to the platelet receptor GPIbα (62). 

The entire coagulation pathway, comprised of multiple steps of zymogen to enzyme 
conversions are indeed very nested and complex. However, FX activation, the point of 
convergence for the extrinsic and intrinsic pathways, has been deemed as the rate limiting 
step for thrombin generation (63). Once the massive thrombin generation has started, 
soluble fibrinogen is rapidly converted into soluble fibrin molecules that immediately start 
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to assemble into fibrin fibers in a favorable reaction. Activation of the extrinsic pathway 
by tissue factor and the follow enzymatic coagulation cascade are visualized in Figure 3. 

 

 

Figure 3. Tissue factor bearing cells in the damaged vessel wall can initiate the extrinsic coagulation 
cascade. Small amounts of thrombin are produced by factor Xa which in turn will active part of the 
intrinsic pathway (FXIa and FXIa/FVIIIa complex) leading to a large scale production of the very effective 
prothrombinase (FXa/FVa) complex on the surface of activated platelets. The prothrombinase complex 
will generate massive amounts of thrombin from prothombin. Thrombin cleaves off the fibrinopeptides 
from the fibrinogen molecule, making the molecule able to polymerize into a fibrin fibre. Finally the fibrin 
fibres are stabilized by the cross-linking activity of factor XIIIa. 

  



13 
 

Factor XII – contact activation pathway 

The other pathway that leads to thrombin formation is by the intrinsic pathway, also 
termed the contact activation pathway; the name derived from its intriguing initiation 
mechanism where factor XII undergoes auto-activation triggered by the contact with a 
surface interface. Ratnoff et al was the first to discover factor XII in 1955 and named it 
Hagman factor, from the name of the first studied patient with factor XII deficiency. The 
deficiency was brought to attention when neither blood nor plasma from Mr. Hagman 
coagulated properly during incubation in test tubes (64). These primary findings have lead 
to the unveiling of the contact activation system, regulated by three plasma proteins; 
factor XII, prekallikrein (PK) and high molecular weight kininogen (HMWK). The 
pathway is initiated as factor XII binds to a surface and thereby undergoes spontaneous 
cleavage of its single peptide chain, rendering the zymogen into a fully active serine 
protease comprised of two polypeptide chains held together by a disulfide bond (65). 
Three separate sites on the factor XII molecule have been characterized and proposed to 
facilitate its important interactions with surfaces (66-68). The activated factor XII on the 
surface converts both factor XI and prekallikrein to their activated forms, factor XIa and 
kallikrein respectively. Factor XII is also a substrate for kallikrein and the pair thereby 
forms a short reciprocal activation loop, enabling rapid activation of the intrinsic pathway  
(69). Factor XI is not the exclusive substrate for factor XIIa but can also be activated by 
thrombin and factor XIa (70), and it is the activation by thrombin that is considered to be 
the physiological relevant pathway since deficiency of factor XI but not that of factor XII 
results in bleeding tendencies (71, 72). Factor XI activity are enhanced by association with 
the platelet membrane (73), and it has been demonstrated that the GPIb-IX-V receptor 
facilitate binding of factor XI to the platelet surface (74). Also, the interaction of factor 
XI and prekallikrein with surfaces are to a large extent mediated by HMWK. The dual 
function of HMWK; forming complex with factor XI and prekallikrein and binding to 
surfaces are both crucial for its procoagulant role in coagulation. It has been shown that 
inhibition of one or the other function by directed monoclonal antibody blocking results 
in a complete loss of the procoagulant property of HMWK (75). HMWK is also cleaved 
during the contact activation process by kallikrein, liberating bradykinin (76), a peptide 
mediator that induces anti-thrombotic responses in the vascular tissue (77). The intrinsic 
pathway activation is propagated downstreams by factor XIa, subsequently activating the 
vitamin K-dependent zymogen factor IX (78). Facor IX then activates factor X, the factor 
that links the intrinsic and extrinsic pathways. Prothrombin can then be converted into 
active thrombin by the activated factor Xa. However, this initial thrombin formation is 
limited to proceed at a slow rate since both factor IXa and factor Xa lack their respective 
cofactor, factor VIIIa and factor Va. Thrombin, but also factor X can convert the pro-
cofactors into active cofactors, facilitating the formation of the FIXa:FVIIIa (intrinsic 
Xase) and the FXa:FVa (prothrombinase) complex on a phospholipid surface (79, 80).  
This complex formation is essential for rapid formation of thrombin; its necessity 
reflected by a ~50,000 fold increase in enzymatic activity for factor XIa (79), and a 
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~1,000 fold increase for factor Xa (58).  As both complexes become functional, large 
amounts of thrombin will be generated, converting fibrinogen into fibrin, ultimately 
resulting in fibrin network formation. 

The physiological role of factor XII in haemostasis and thrombosis have for a long time 
been a subject for investigation, especially since deficiencies in factors VIII, IX and XI 
from the intrinsic pathway cause bleeding disorders (81), while a deficiency in the first 
factor in this pathway, factor XII, does not cause any bleeding (64, 72). Recently a 
patophysiological role for FXII in thrombosis was proposed as it was showed that FXII-
deficient mice do have defective thrombus formation in arterial beds and are protected 
against thromboembolism induced by collagen and epinephrine (82). The authors 
furthermore speculated that FXII-driven thrombin generation might proceed on the 
platelet surface.  

Naturally occurring surfaces that can facilitate the autoactivation of factor XII have also 
been thoroughly investigated. A recent report presented results that indicate that FXII 
might be activated by polyphosphate anions released by activated platelets (83).  Another 
exogenous source of contact activation may be the lipopolysaccharides found on the 
surface of bacteria during sepsis (84, 85). Exposed collagen is also a proposed 
endogenous activator of FXII, and although reported results have pointed both in favor 
and against this concept, the consensus is that collagen type I, that is found in the 
subendothelial matrix can facilitate autoactivation of FXII (82, 86, 87).  

Fibrin network formation 

The formation of an insoluble network of fibrin is the final endpoint of both coagulation 
pathways. Fibrin is converted from fibrinogen by the proteolytic activity of thrombin, 
cleaving off two different peptides from the fibrinogen backbone. The peptides are 
named fibrinopeptide A and B (FPA and FPB) and are present in two copies on each 
fibrinogen molecule. FPA is initially cleaved off at a considerably faster rate than FPB, 
and it has been determined that the polymerization reaction is only dependent on the 
FPA cleavage. The fibrin molecules assemble to form protofibrils, which are then 
stabilized by the secondary cleavage of FPB. The protofibrils will join in parallel to form 
fibrin fibers that are slightly twisted. The lateral growth is limited to a width of about 100 
nm, due to stretching of the fibrin molecule along the outer surface of the fiber (88). The 
fibrin formation process is sensitive to environmental factors and changes in chemical or 
physiological conditions can affect the final network structure. There are a several known 
factors that influence the fibrin network structure. The fibrin polymer fibers can be 
gathered in thicker or thinner bundles during formation, thus affecting the porosity of the 
final network (89). Thrombin, fibrinogen and ion concentrations are some factors that 
have previously been reported to influence fibrin network structure. Another factor that 
plays a part in determining the network structure is the concentration of plasma proteins. 
It is believed that a high concentrations of plasma proteins will spatially restrict the fibrin 
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fiber extension (88). Thinner fibrin fibers do not interact with visible light to the same 
extent as thicker fibers and therefore fibrin networks comprised of thin fibers generate 
less light scattering. This makes the fine network seem almost transparent whereas the 
coarse network, built up by thicker fibrin bundles, is opaque (90). In the final stage of the 
coagulation process the fibrin network is stabilized by the crosslinking action of the 
thrombin-activated factor XIII (reviewed in (91)). Factor XIII is a transglutaminase that 
introduce ε-(γ-glutamyl)lysin crosslinks between fibrin molecules (92). The physiological 
function of factor XIII is important, and patients that are deficient in factor XIII suffer 
from bleeding tendencies (93). Factor XIII also mediates the incorporation of fibronectin 
into the fibrin network, a process that will increase both size and density of the fibrin 
fibers (94). 

Inhibitors of the coagulation system 

The thrombus formation process is a composite mechanism with great capacity for 
intrinsic amplification. The amplification will ensure a fast enzymatic route that will 
prevent excessive blood loss in the event of vessel injury. However, for such a powerful 
pro-thrombotic system there is also a need for regulatory functions, to stop thrombus 
growth from spreading too far away from the site of injury. Protein C is activated by 
thrombin to activated protein C (APC), the mechanism dependent on the association of 
thrombin and protein C with the endothelial cell membrane protein, thrombomodulin. 
APC, together with its cofactor protein S, functions as an inhibitor of coagulation by 
inhibiting the cofactors factor Va and factor VIIIa through enzymatic cleavage (95). It has 
been found that thrombin is an allosteric enzyme that shows two different conformations 
depending on Na+ binding. The thrombin conformation where Na+ is bound yields a 
higher efficiency towards activation of fibrinogen and the PAR receptor while the 
conformation without Na+ is slower. The thrombin activation rate of the coagulation 
inhibitor protein C is however not affected and is the same for both conformations (96). 
Another inhibitor of the coagulation system is the tissue factor pathway inhibitor (TFPI), 
which is able to inhibit both factor Xa and the TF-factor VIIa complex (97). 
Antithrombin (AT) is a protein that can trap thrombin and thus inhibit thrombin’s 
enzymatic capabilities. Heparin binding enhances the activity of AT mediated inactivation 
of thrombin profoundly by colocalization of the two proteins (98). Several of the 
inhibitors that are involved in the coagulation  process belong to the serpin protein 
superfamily (reviewed in (99)), that inhibit their target protease by forming a covalent 
bond to its catalytic site (100). 

Procoagulant properties of platelets 

Coagulation and platelet activation have turned out to be tightly integrated processes. 
Thrombin, the key enzyme in the coagulation cascade, is a potent platelet agonist, acting 
on the platelet PAR receptors 1 and 4, and conversely, activated platelets are known to 
enhance and contribute to the overall coagulation process via several independent 
mechanisms (reviewed in (2, 36)). In this aspect, it has been found that the platelet 
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phospholipid membrane acts as one of the main contributors to coagulation by catalyzing 
several enzymatic steps in the coagulation cascade. The major constituents of the platelet 
membrane are phosphatidycholine (PC), 38%; phosphatidylethanolamine (PE), 27%; 
sphingomyelin (SM), 17% and phosphatidylserine (PS), 10%. However, in the resting 
platelet membrane a considerable asymmetry is evident and almost no detectable PS and 
only 20% of the total PE is presented on the outer leaflet of the platelet surface (101). 
This asymmetry is maintained by the continuous action of aminophospholipid 
translocase, actively transporting PS and PE to the intracellular membrane leaflet by a 
flip-flop mechanism (102). The activation of the platelet will however lead to a rapid loss 
of asymmetry, exposing PS and more PE on the outer surface of the platelet. The 
mechanism is attributed to scramblase, a protein facilitating bidirectional movement of 
phospholipids between the two leaflets (103). The scrambled membrane will expose a 
slightly anionic surface due to negative net charge of PS.  Together with Ca2+ the surface 
efficiently binds the coagulation factor complexes and thereby increase their activity 
significantly (reviewed in (104)). However, the relationship between PS exposure and 
procoagulant activity is far from clear (105), and more research on the subject is 
necessary.  Another procoagulant mechanism is the concomitant release of α-granule 
content during platelet activation, the release resulting in a drastic increase in the local 
concentration of coagulation factors as well as fibrinolysis inhibitors at the site of the 
growing thrombus (106). 

Clot retraction 

After the clot has been formed, the activated platelets incorporated in the clot rearrange 
and contract their intracellular actin/myosin cytoskeleton. The intracellular actin network 

is connected to the internal part of the integrin αIIbβ3 fibrinogen receptor. Following 

coagulation, the external part of αIIbβ3 will have bound to the fibrin network of the clot, 
and therefore, as a result of platelet contractile force on the fibrin network, the formed 
clot will compact on itself and hence reduce its total volume. The mechanism is termed 
clot retraction, and it is considered that its main physiological function is to clear the 
obstructed vessel for renewed blood flow (107). Disrupting the fibrin binding capability 

of platelets with the use of integrin αIIbβ3 inhibitors (see Figure 4) results in a complete 

loss of clot retraction (108, 109). Commonly used integrin αIIbβ3 inhibitors are abciximab, 
eptifibatide and tirofiban. Clot retraction can also be inhibited by the use of cytochalsin E, 
a cell permeable metabolite of fungal origin that prevents intracellular actin rearrangement 
(110-112).   
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Figure 4. Normal clot rertaction (above) following coagulation in PRP. The addition of abciximab (below), 

an integrin αIIbβ3 blocking monoclonal antibody fragment, will lead to complete inhibition of clot 
retraction. 

Fibrinolysis 

After the haemostatic plug has served its purpose by preventing blood loss during the 
vessel repair process, it is cleared from the site by an enzymatic process termed 
fibrinolysis. The fibrinolytic system is a short enzyme cascade system, which ends in the 
degradation of the fibrin network into soluble products by the function of the key enzyme 
plasmin. Initiation of the fibrinolytic system can be accomplished by either tissue-type 
plasminogen activator (tPA) or urokinase-type plasminogen activator (uPA). tPA is 
secreted by endothelial cells and is in the presence of fibrin a strong activator that 
converts the zymogen plasminogen to its active form, plasmin. uPA is mainly found in 
urine, but has been shown to be secreted by several different cell types. uPA, in contrast 
to tPA, is not dependent on the presence of fibrin to convert plasminogen into plasmin 
(3, 4). Both tPA and uPA exist in single chain precursor molecules (sctPA and scuPA) 
that can undergo enzymatic cleavage by plasmin. scuPA behaves as a zymogen and its 
enzymatic activity is increased by ~200% by the cleavage, whereas both sctPA and tPA 
functions with approximately the same efficiency. Interestingly, scuPA can also be 
activated by the contact activation enzymes factor XIIa and kallikrein in the intrinsic 
pathway of coagulation (113). The architecture of the fibrin network has been shown to 
affect the fibrinolytic process, and the degradation process proceeds drastically slower for 
thinner fibrin structures than for thicker fibrin structures (114). The fibrinolytic system 
has to be constrained by regulatory mechanisms to prevent it from interfering with the 
vital process of haemostatic plug formation. This is accomplished in numerous ways but 
the principal inhibitors are plasminogen activator inhibitor (PAI-1) (115),  α2-
macroglobulin (116), C1-inhibitor (117) and thrombin activated fibrinolysis inhibitor 
(TAFI) (118). 
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2.3 Biomaterial – Blood interactions 
The haemostatic system (described in previous sections) is always in a delicate balance 
between unstopped bleeding and thrombosis. The balance can however be disrupted by, 
for example, a state of disease or when blood comes into contact with the surface of a 
foreign material. In modern health care, treatment- and diagnostic methods often 
implicate the contact between blood and artificial materials (biomaterial). Treatments 
including venous catheters, stents, vena cava filters, vascular grafts and prosthetic heart 
valves are a few examples of biomaterials that are introduced into the vascular system and 
brought into contact with blood. This contact between blood and biomaterial is also 
constantly present during procedures when blood is handled outside the body, e.g. during 
cardiopulmonary bypass, in dialysis machines, during blood transfusions or simply, when 
blood is drawn by venipuncture and used for in vitro experiments. The artificial material 
surface may activate both blood cells (platelets and white blood cells) and the enzyme 
mediated coagulation cascade by exposing a surface that during blood contact shares 
certain characteristics with surfaces found at the site of vascular injury. This may 
ultimately lead to unwanted thrombus formation at the artificial surface (for example see 
Figure 5), a serious adverse effect that is usually prevented by aggressive antiplatelet 
and/or anticoagulation therapy. Three examples of such therapies are: high doses 
intravenous heparin during cardiac surgery with cardiopulmonary bypass (119), dual 
antiplatelet therapy after implantation of metal stents in the coronary vessels (120), and 
continous warfarin treatment of patients with prosthetic heart valves(121). The extent to 
which artificial materials affect and provoke the haemostatic mechanisms is heavily 
dependent on the design and characteristics of the biomaterial, but also where in the 
vascular system it is implanted (for review see (122, 123)). Surfaces inert to platelet 
adhesion and activation of coagulation can be achieved through surface modifications. 
Immobilized heparin or poly(ethylene glycol) (PEG), are the most widely used surface 
modifications in this context (124, 125). 
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Figure 5. Time-lapse images visualizing the adhesion of platelets, platelet aggregation and ultimately 
fibrin network formation on a hydrophilic glass surface. Black arrows indicate single platelets and the 
white arrow indicate a red blood cell. The duration of the experiment was 8 minutes. Images were 
acquired by differential interference contrast (DIC) microscopy. 

 

Plasma protein adsorption 

The adsorption of blood plasma proteins to biomaterial surfaces is usually a rapid process 
that within seconds generates a biologically active surface that may interact with other 
blood borne mechanisms (126, 127). Both platelet adhesion and activation of the 
coagulation cascade are mediated by plasma proteins. Blood is a very complex fluid 
containing a large variety of molecules with different characteristics and functionalities. 
Proteins are one of the main constituents of blood plasma and approximately three 
hundred distinct proteins have so far been documented, with plasma concentrations 
ranging from 35-50 mg/mL for serum albumin to only 0-5 pg/mL for interleukin 6 (128). 
The dynamics of protein adsorption are strictly related to the chemical and physical 
properties of the surface, protein and solvent, and the exothermic process is observed as a 
decrease in Gibbs free energy (G), i.e. ∆adsG=∆adsH-T∆adsS <0, where H=enthalpy, 
S=entropy and T=temperature. This decrease generally arises from increased system 
entropy explained by dehydration of parts of protein and/or adsorbent surface, 
interactions between charged groups at the interface, and/or conformational changes in 
protein structure. The different modes of interaction result in selectivity between surface 
and proteins, i.e. proteins preferentially adsorb on surfaces exposing certain properties 
(129). Proteins can adsorbed to form a covering monolayer on the surface, resulting in a 
protein layer with a thickness of 2-10 nm (130). Accumulation of proteins at the surface 
may yield a concentration of surface-associated proteins that is up to 1000- fold higher 
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than the concentration of the protein in solution (131). Adsorbed proteins are not always 
bound indefinitely to the surface, and the composition of proteins may be subject to 
change over time. This phenomenon is termed the Vroman effect and has been observed 
to occur preferentially on negatively charged hydrophilic surfaces (132). Wettability (or 
hydrophilicity) has been characterized as a key determinant for the protein adsorption 
process, and it is generally accepted that hydrophobic surfaces adsorb more proteins than 
hydrophilic surfaces (131). The hydrophobic surface allows interaction with hydrophobic 
domains and residues in the protein, the process assisted by an entropy gain during the 
subsequent release of unfavorably organized water at the surface (129). Surface 
hydrophilicity can be determined by static and dynamic water contact angle measurements 
and a surface is deemed hydrophobic when generating a contact angle with water of more 
than 65° (133). Protein and surface charge are also important factors in the adsorption 
process, both dependent on the pH of the solute. Maximal adsorption occurs when 
surface and proteins possess opposite net charges, i.e. at a pH between the isoelectric 
points (pI) of the surface and the protein (129). Conformational changes in protein 
structure have also been suggested as a potential driving mechanism for protein 
absorption, especially under circumstances when hydrophobic interaction and 
electrostatic attraction is not present. However, adsorption induced conformational 
changes have been reported in a variety of proteins and may also affect the biological 
activity of the protein (131). The effect of flow conditions on protein adsorption has been 
studied; however, increasing shear does not seem to affect the adsorption process, not 
even high shear rates of 2700 s-1 (134). 

Platelet adhesion and activation 

Adsorbed proteins on artificial surfaces can be recognized by platelet adhesion receptors, 
potentially leading to the subsequent adhesion, spreading and activation of the platelet. 
The natural plasma soluble platelet adhesion and aggregation molecules fibrinogen, 
fibronectin, vitronectin, immunoglobulins and von Willebrand factor (VWF) are all 
potential mediators of platelet adhesion and have therefore been thoroughly studied in 
this aspect (Figure 6 presents a schematic drawing of biomaterial induce platelet adhesion 
and aggregation). Among these candidates, fibrinogen has been shown to be the key 
protein in the adhesion process (135, 136), whereas fibronectin, VWF and 
immunoglobulins only show supporting effects that may be related to platelet activation 
(137, 138).  Furthermore, the amount of adsorbed fibrinogen required to facilitate platelet 
adhesion is extremely small, ~ 7 ng/cm2 (136). Platelet adhesion to surface-bound 
fibrinogen is however intriguing, since the fibrinogen receptor integrin αIIbβ3 is required 
to be activated into a high affinity state by inside-out signaling to effectively bind 
fibrinogen in solution (139). This mechanism is however overridden as integrin αIIbβ3 in 
its “low affinity” state evidently is capable of binding surface adsorbed fibrinogen (140). It 
is speculated that this is facilitated by a change in the conformation of fibrinogen when 
adsorbed to surfaces. The kinetics of platelet adhesion to artificial surfaces have been 
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revealed to be very rapid and initiation may take place in < 5 s for hydrophobic surfaces 
and <30 s for hydrophilic surfaces (141). However, this is not very surprising with the 
physiological function of platelets in mind: to rapidly adhere and aggregate at the site of 
vessel injury. The direct effect of wettability on platelet adhesion and activation has been 
studied with the use of hydrophilic-to-hydrophobic gradient surfaces, with water contact 
angles ranging from 40-90°. From this study it was evident that platelets in plasma 
adhered in increasing numbers with decreasing wettability (142). This is no surprise since 
fibrinogen is retained to a greater extent by hydrophobic surfaces than by hydrophilic 
surfaces (126). Prolonged exposure of thrombogenic materials to blood in vivo has showed 
that platelet numbers in blood decrease with surface exposure time. This discovery has 
been used to measure the actual thrombogenic effect of different biomaterials in animal 
models (123). 

 

 

Figure 6. Platelets adhere to artificial surface through interaction with surface adsorbed 
adhesion molecules like fibrinogen, von Willebrand factor, vitronectin and fibronectin.  

 

Contact activation of plasma coagulation  

Although the physiological role of factor XII in haemostasis is debated, as congenital 
factor XII deficiency does not result in any type of bleeding diathesis (64, 72), it is 
however clear that factor XII has a great impact on coagulation during the contact 
between blood and artificial materials. Factor XII activation has for a long time been 
thought to exclusively undergo autoactivation on surfaces exposing a negative net charge 
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(anionic surfaces). However, after the recent work of Zhuo et al. (143, 144) it is evident 
that autoactivation also can occur on hydrophobic surfaces, but only in neat factor XII 
buffer solutions. It has been hypothesized that factor XII in plasma is competitively 
excluded from hydrophobic surfaces by other proteins with higher affinity to the surface, 
a process that has been named “adsorption-dilution effect” (69). Although this was an 
interesting discovery, it has no real impact on blood compatibility testing of biomaterials 
under physiological conditions. Blood contact will always entail competitive adsorption 
between the many plasma proteins, and contact activation of factor XII in plasma will 
therefore only occur at negatively charged hydrophilic surfaces. The underlying 
mechanism facilitating the conversion of the inactive zymogen factor XII to the active 
enzyme factor XIIa on anionic surfaces, independent on other enzymatic activity, is still 
not very well understood, but it is suggested to be facilitated by conformational changes 
in the protein structure upon surface adsorption (145, 146). After initiation by factor XII 
the contact activation is effectively amplified by the presence of prekallikrein and 
HMWK. Prekallikrein is located at the anionic surface when bound to its surface binding 
cofactor HMWK. The co-localization of prekallikrein with factor XIIa on the surface 
facilitates the cleavage of prekallikrein to kallikrein, which then can participate in 
reciprocal activation of factor XII. The intrinsic pathway is from factor XII propagated 
downstream by activation of factor XI, which also is colocalized to the surface by 
HMWK (reviewed in (147)). The mechanisms of contact activation are presented in 
Figure 7. Contact activation in plasma by a hydrophilic glass surface will lead to fibrin 
formation in a matter of minutes (see Paper I).  

 

Figure 7. The initiation of the intrinsic pathway through autoactivation of factor XII (contact activation) at 
a biomaterial surface. Factor XII activation is accelerated by feedback activation of kallikrein. High 
molecular weight kininogen functions as a cofactor for kallikrein and factor XI by facilitating the binding 
to surfaces. White arrow indicates autoactivation of factor XII (FXII).  
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Complement deposition on biomaterial surfaces 

Although not the core of this work, it is important to mention biomaterial surface 
susceptibility to humoral immune complement proteins. According to theory, 
nucleophilic surfaces, exposing –NH2 (amino groups) or –OH (hydroxyl groups), but not 
negatively charged surfaces bind complement factor 3b (C3b). C3b in turn binds factors 
Bb and P forming an active alternative convertase C3bBbP, that subsequently cleaves C3 
in solution to C3a and C3b (148). An amplification mechanism is thereby formed. The 
surface binding of C3b was recently shown to also be mediated by pre-adsorbed proteins 
(149). In yet another study, it was shown that negatively charged surfaces, such as silica 
and spontaneously oxidized titanium facilitate C3b deposition (150), leading to the 
hypothesis that complement binds to denatured proteins on surfaces regardless of surface 
charge. The alternative complement activation pathway is considered to be of greatest 
importance, and especially in blood contacting applications where a large area of the 
biomaterial is in contact with blood, such as cardiopulmonary bypass and dialysis 
apparatus (148).  There are several known connections between the coagulation-, 
complement- and fibrinolytic systems, although this is outside the scope of this thesis. 

In vitro experiments- the absence of vascular endothelium  

The onset of platelet activation and plasma coagulation is not only dependent on some 
external activator. When blood flows in the vascular system it is in constant contact with 
the endothelium that covers the lumen of the blood vessels. The endothelium is far from 
a passive component in the haemostatic system and there are several independent 
mechanisms that attenuate both procoagulant and platelet activities. The endothelium 
expresses heparan sulfate that facilitate the inhibition of thrombin by antithrombin. 
Thrombomodulin, a protein involved in the inactivation of factor Va and VIIIa through 
activation of protein C, is also expressed on the endothelial cell surface. Endothelial cells 
also synthesize and release tissue factor pathway inhibitor (TFPI), protein S and annexin 
A5, all participating in anticoagulant mechanisms. In addition, prostacyclin, prostaglandin 
E2 and NO are secreted and suppress platelet activation (reviewed in (151, 152)).  

Therefore, when blood is collected and intended for use in in vitro experiments, it is 
important to bear in mind that there are many potent inhibitory mechanisms of the 
haemostatic system that are excluded, and this imbalance will ultimately lead to activation 
of both platelets and coagulation. This is also an important consideration for the 
application of prosthetic vascular grafts, where in some cases considerable lengths of the 
the inside vessel wall, covered with endothelial cells, are replaced with artificial materials. 
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Chapter 3 

 

 

3. Aim 
The primary aim for this work was to develop relevant methods to study blood –
biomaterial interactions in terms of platelet adhesion/aggregation and plasma coagulation.  

The secondary aim was to use the developed methods to evaluate different materials that 
could potentially be used in blood contacting applications. 

The newly developed methods also offered an opportunity to study aspects of the 
haemostatic mechanisms that had not been accessible for in vitro study before. To this 
end we also developed surfaces that mimicked the surface of the damaged vessel wall. 
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Chapter 4 
 

 

4. Materials and Methods 
 

4.1 Blood sampling and plasma preparation 
Blood collection and preparation was for the great majority of experiments performed as 

described below. Blood was drawn from healthy volunteers using a 0.8mm Venoject® 
needle from Terumo (Leuven, Belgium) and collected in 4.5 mL or 7.5 mL S-Monovette® 
tubes from Sarstedt (Nümbrecht, Germany), filled with 1/9 of 130 mM sodium citrate. 
The S-Monovette® sampling tubes have in a previous study proved to generate minimal 
activation of blood in terms of plasma and whole blood coagulation (153). To acquire 
platelet-rich plasma (PRP), whole blood was first cooled for 15 minutes at room 
temperature and then centrifuged at 140×g or 180×g for 20 minutes for 4.5 mL and 7.5 
mL tubes, respectively. The platelet-rich supernatant was transferred into another 
container, where it was stored in room temperature until used in the experiment. Platelet-
poor plasma (PPP) was acquired in the same way as PRP but with centrifugation at 
2500×g for 20 minutes regardless of tube size. Platelet-free plasma (PFP) was obtained by 

filtering PPP through a 0.20 µm pore size disposable Minisart® filter from Sartorius 
(Göttingen, Germany). In experiments where coagulation was required, citrated blood 
and plasma was recalcified by adding 17.4 mM CaCl2 (final conc.) immediately before the 
experiment started.   

4.2 Imaging of coagulation 
A variety of different methods are today available for the study the coagulation process, 
and although they utilize different principles of detection, most methods measure 
coagulation as a bulk event without regards to where coagulation was initiated or the 
kinetics describing the propagation of coagulation from the initiation point. The method 
‘Imaging of coagulation’ that was developed in this project is a coagulation assay that 
includes a two dimensional spatial parameter in the analysis of the coagulation process 
and hence, can answer questions regarding where coagulation was initiated and how 
coagulation propagates. Such questions are highly relevant in both haemostasis research 
and in the study of blood-biomaterial interactions.  
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Setup and image acquisition for coagulation studies 

The principle of detection in this method is based on the quantitative difference in 
scattering of incident light off the soluble fibrinogen molecules and the insoluble fibrin 
network. The insoluble fibrin network scatters incident light extremely well compared to 
soluble fibrinogen and hence, as the fibrin network starts to form it will become 
detectable as an increased intensity in scattered light. As artificial surfaces can activate 
coagulation through contact activation (described in the previous chapter), it was of great 
necessity to find a suitable transparent vehicle in which the coagulation process could be 
studied without risking interference from surface-induced contact activation at the inner 
walls of the vehicle. Disposable PMMA spectrophotometry cuvettes from Kartell 
(Noviglio, Italy) were found to meet these criteria and could therefore successfully be 
used in the method. PMMA had in a previous study been found to be a rather inter 
material in terms of contact activation (124). Depending on the study, different surfaces 
were fitted vertically along one side of the PMMA cuvette (see Figure 8, left), making the 
surface induced coagulation observable as a process starting from the surface followed by 
a horizontal propagation phase across the cuvette. To facilitate studies of multiple 
cuvettes simultaneously, a cuvette holder which carried four cuvettes was developed. This 
was of great importance for the efficiency of the method as it allowed a higher 
throughput of experiments and made comparative measurements more accurate. The 
cuvette holder was fitted with a white light LED illumination array, providing stable 
illumination of the cuvttes from below (see Figure 8, right).  

 

 

 

 

 

Figure 8. To the left: Experimental surface in PMMA cuvette. To the right: cuvette holder for four cuvettes 
fitted with a white light LED illumination array, providing illumination of the cuvttes from below. 
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The image capture system consisted of a high resolution EOS 400 digital SLR camera 
from Canon (Tokyo, Japan), delivering images with a resolution of up to 3888 x 2592 
pixels.*  The camera was controlled by EOS Utility (Canon), a camera bundled time lapse 
software. The spatial resolution in the experiments with four simultaneously captured 
cuvettes was for this camera ~ 50 µm. The experiment was usually started by the addition 
of recalcified PRP or PFP to the cuvette, immediately followed by the start of time lapse 
image acquisition. For most experiments images were captured with an interval of 15 s. 
Depending on coagulation rate such experiment usually generated between 200 and 800 
captured images, i.e. 50 to 200 minutes. Captured images were directly transferred to a PC 
for further analysis. 

Setup for AMC enzyme substrate measurements  

Minor modification of the imaging setup made it possible to measure surface-induced 
enzyme activity by the use of 7-Amido-4-methylcoumarin (AMC) fluorogenic substrates.  
The slight modification entailed an addition of a UV-LED (370 nm) cartridge that was 
inserted into one of the four cuvette fittings. The UV-LED illuminated the sample 
cuvette from the side, but due to the limited intensity of the UV-LED it was only possible 
to run one sample at the time. The digital camera was fitted with a 400 nm long pass 
filter. Both factor XIIa sensitive substrate Boc-Gln-Gly-Arg-AMC (in Paper IV) and 
thrombin sensitive substrate Z-Gly-Gly-Arg-AMC was used successfully in this modified 
setup.  

Image data processing 

In order to extract useful information from the captured image data, several software 

functions were written in Matlab® (v. 7.2) from The Mathworks Inc. (Natick, USA) that 
in sequential steps processed and analyzed the image data. A flowchart of the data 
processing functions are presented in Figure 9. The initial step in the analytical process 
was to use a function that merged the images into continuous video sequences. Individual 
video sequences were rendered for each cuvette, only containing the region of interest for 
further analysis. This process made the subsequent handling and analysis of image data 
considerable faster and allowed data storage to be more efficient. The video rendering 
function also created a separate file containing information about the time points for each 
image capture. The image capture time points were required for subsequent analysis.   

 

 

 

 

* image capture was performed with a Powershot S3 IS (Canon, Japan) in a previous version of the setup 
(used in Paper I and Paper III).  
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Figure 9. Flowchart of the image data processing steps. 

 

Bulk coagulation measurements 

This function was designed to measure the coagulation process in a user specified region 
of the video image. The average intensity in the specified region was calculated for each 
video frame in the sequence, which was presented in the function as a graph of intensity 
versus time. The function could be executed in three different modes, depending on the 
circumstantial requirements. These modes included absolute measurement, absolute 
measurement with baseline subtraction, and relative measurement. The absolute 
measurements made use of the direct measured intensities while the relative measurement 
were standardized to always range between 0 and 100%. This function was used in Paper 
I to determine the detection level for coagulation in the imaging setup. This was 
accomplished by comparing coagulation times detected by a ReoRox4 rheometer from 
Medirox (Nyköping, Sweden) with the corresponding intensity in the imaging setup. The 
ReoRox4 measures coagulation by detection of viscoelastic changes in plasma during 
coagulation. The ReoRox4 has in turn been calibrated against the reference method  
visual inspection of tilting tube in water-bath technique (154). From the results of these 
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comparative measurements it was concluded that an intensity increase of 40% correlated 
well with the coagulation times determined with the ReoRox4. Detection of coagulation 
times in the imaging of coagulation setup are illustrated in Figure 10. The bulk intensity 
function was also used in Paper IV to measure AMC fluorescence from the cleavage of 
the factor XIIa sensitive substrate. 

 

Figure 10. Relative light scattering intensity at different locations in the cuvette during a coagulation 
experiment in PFP. Black dots: close to the initiating tissue factor coated surface, gray dots: middle of 
cuvette, light gray dots: at the opposite side of the cuvette from the initiating surface. Vertical arrows 
indicate the corresponding coagulation times (at 40 % of maximal intensity) for the three measured 
regions.  

 

Surface coagulation time and propagation of coagulation 

The most frequently used function for analysis of the video data was a function to 
determine the initial coagulation at the surface and the rate with which coagulation 
propagated out from the surface. The main principle of the function was to calculate 
individual coagulation times for each pixel in the video image. The coagulation time 
closest to the surface, termed ‘surface coagulation time’, was calculated as the mean 
coagulation time in the column of pixels adjacent to the surface. Propagation rates were 
calculated in two steps. The first step calculates the mean coagulation time in consecutive 
pixel columns stepwise progressing out from the surface. The result from this calculation 
is a propagation profile, i.e. a graph with ‘coagulation time’ as a function of ‘distance from 
surface’ (for example see Figure 11). Such graphs offer good insight in the propagation 
phase of coagulation but are difficult to compare quantitatively, therefore a second 
calculation step was introduced, in which linear regression was applied to short intervals 
(usually 0.25 mm) of the propagation profile. The propagation rate (mm/min) was then 
calculated as the reciprocal slope from the linear regression. It should be noted that the 
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calculations of propagation rates were dependent on a user defined length scale in the 
image. This was accomplished by setting a reference distance in the image equal to the 
defined width of the the cuvette. This function has been used to analyze image data in all 
enclosed papers (Paper I-V). In order to obtain correct measures of the propagation rate 
in PRP it was necessary to inhibit clot retraction during the experiment. This was 
accomplished by inhibiting the contractile function of the actin cytoskeleton by the 
addition of cytochalasin E (Paper I) or by inhibiting fibrinogen binding to integrin αIIbβ3 
by abciximab (Paper V). 

 

 

Figure 11. Propagation profiles of the coagulation process in PRP and PFP, initiated by tissue factor 
coated surfaces.  

 

Visualization of coagulation by image processing       

For presentation and publication purposes, two functions were written to facilitate the 
visual enhancement of the coagulation process. One function generated image processed 
time lapse images and the other function rendered image processed video sequences of 
either single or dual cuvettes. Both functions utilized the same image processing steps 
(visualized in Figure 12 and 13). The basic principle for the image enhancement was to 
subtract the background (first image frame) from all video frames in the sequence, and as 
a second step, to convert the images into grayscale and apply a user defined color map. 
The color map was used to visually enhance the range of different intensities presented in 
the image, except for those individuals suffering from color blindness. The image 
processing step was not strictly necessary for all experiments. In PFP, the initial light 
scattering is very low and thus coagulation in PFP yields intensity signals of considerable 
magnitude. In PRP however, the platelet will contribute with a great amount of initial 
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scattering, which will lead to lower contrast in the images. Image enhancement was 
therefore required and also used in PFP experiments to maintain consistency. To visualize 
standard coagulation experiments it was desirable to generate 4 to 10 time lapse images or 
a video sequence of approximately 30 s.   

 

 

Figure 12. Image processing steps for enhanced visualization of the coagulation process. The coagulation 
experiment in PRP was initiated by a hydrophilic glass surface. Raw captured image frames at a) 0 min 
and b) 40 min.  c) Image after background subtraction and, d) applied color map to image c). 

 

 

 

Figure 13. Time-lapse images after image enhancement; visualizing the coagulation process in PRP. 
Coagulation was initiated by a hydrophilic glass surface.  Images after a) 10, b) 20, c) 30, d) 40 and e) 50 
minutes. 

 

4.3 Cone-and-plate flow model  
Platelet adhesion and aggregation are events that in vivo always proceed under flow 
conditions. Blood is always in a flowing state in the body and this will generate a high 
degree of contact between circulating platelets and vessel walls, or in the case of 
biomaterial implantation, the biomaterial surface. Therefore, when studying platelet 
adhesion and aggregation in vitro, it is important to simulate these conditions as accurately 
as possible.   

During the course of this work we developed a cone-and-plate flow model in which 
blood flow is generated by a rotating cone in very close proximity to an experimental 
surface. One of the main advantages with this type of flow model is that it requires very 
small blood volumes (80-200 µL) for standard experiments. Considerably larger blood 
volumes are required for experiments performed in the commonly used parallel plate flow 
chamber (155). Hence, more experiments can be performed in the cone-and-plate flow 



33 
 

model with blood from a single donation, which is of importance for comparative 
measurements. Also, there a no need for cleaning or exchanging tubes in between 
experiments, which allows for a high throughput. The main disadvantage with the cone-
and-plate flow model is that the same blood is circulating over the surface throughout the 
duration of the experiment, and hence no dilution of activated cells or enzymes is present 
as it would be in in vivo conditions or in a parallel plate flow model.  

Cone-and-plate setup 

The setup consisted of a fixed RW 20 digital controlled motor from IKA (Staufen, 
Germany) with an attached aluminum cone (constructed in-house). The cone has a 
horizontal contact angle of 5° and is during experiments coated with Parafilm® M to 
avoid cleaning of the cone between experiments. Rotational speed of the cone could be 
adjustable in the range 60-2000 rpm. The support for the experimental surface is 
comprised of a z-axis adjustable stage equipped with an outlet connected to a vacuum 
pump. The outlet is located directly beneath the cone and the experimental surface is 
placed on an O-ring on top of the vacuum outlet to secure the surface to the stage. A 
drop of blood (80-200 µL) is placed on the experimental surface and the stage is raised so 
that the surface is within close proximity of the tip of the cone (Figure 14).  Thereafter 
the experiment was immediately started by initiating cone rotation.  

 

          

Figure 14. Schematic drawing of the cone-and-plate flow model setup. The experimental surface is fixed 
on an O-ring that interfaces with an outlet connected to a vacuum pump. The stage with the 
experimental surface is elevated within close proximity of the cone. Rotation of the cone will generate 
whole blood flow on the surface. 
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Shear rate 

The shear rate in a liquid can be described by a linear velocity gradient between a 
stationary surface and parallel surface at specified distance (d) moving at a constant 
velocity (v). The design of the cone-and-plate entails that under ideal conditions the shear 
rate is equal over the entire experimental surface (156) at a specific angular velocity (ω), 
given by: 
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f  is the frequency (revolutions per second). 

The ideal conditions require that there is no gap between cone and surface.  However, 
this is not feasible in reality since the experimental surface would be damaged by the cone 
and the cellular components of blood would be lysed due to mechanical stress in the 
contact zone. Therefore, the additional distance of the gap (h) should also be included in 
the equation, and the new relationship is given by: 
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The resulting equation is however not independent of the radial distance from the cone 
center, and shear rates will therefore decrease towards zero at the absolute center. Also, 
shear rates will be lower over the entire surface and dependent on both the gap between 
cone and surface, and the radial distance (see Figure 15). In the described setup the gap 
has been measured and was found not to exceed 0.1 mm. With regard to this, it should be 
noted that the shear rate generated by this setup is not exact, and reproducible results are 
best acquired by limiting measurements to the area that is further out than 3 mm from the 
cone center.     
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Figure 15. The influence of the gap (h) on shear rate, presented as percent of shear rate produced by the 
ideal cone-and-plate setup where h=0. In reality h is in the range 0.05-0.10 mm. 
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Applications of the cone-and-plate flow model 

The cone-and-plate setup has mainly been used to study platelet adhesion from citrated 
whole blood. Usually 100 µL blood was applied to the surface and the cone was rotated to 
generate shear rates of 100s-1 or 1000-1500 s-1, simulating low and high shear conditions 
respectively. Figure 16 shows a representative experiment performed on hydrophobic and 
hydrophilic polystyrene at a shear rate of 1000 s-1. Platelet adhesion experiments were 
performed on hydrogel coatings proposed for biomaterial applications in Paper III. The 
cone-and-plate setup was also used to test surface integrity; in Paper II where a glycerol 
monooleate coating was tested at various shear rates to estimate the reduction in coating 
thickness shearing induced.  

 

 

Figure 16. Platelet adhesion on a) hydrophobic polystyrene and b) hydrophilic polystyrene after exposure 
to flowing whole blood for two minutes at a shear rate of 1000 s-1. Platelets were stained with Alexa 
Fluor® 546 phalloidin. 

 

We also utilized the cone-and-plate in the development of an in vitro thrombus formation 
assay. As the cone-and-plate setup is an ‘open’ flow model, we could allow coagulation to 
proceed without risking that any pump, tubing or flow chamber would be blocked by 
coagulated blood. By using reacalcified whole blood and surfaces with thrombogenic 
coating we successfully induced thrombus formation on the coated surfaces. This method 
was used in Paper V. 

The standard procedure for evaluating platelet adhesion/aggregation or thrombus 
formation in the cone-and-plate setup was by the use of a fluorescence staining and image 
capture in a fluorescence microscope. Following exposure to blood flow in the cone and 
plate setup platelets were stained either with the cytosolic stain Celltracker® Green (5-
chloromethylfluorescein diacetate) or the F-actin stain Alexa Fluor® 546 phalloidin. After 
thrombus formation experiments, additional staining was performed to visualize fibrin 
network (anti-fibrinogen [FITC]), white blood cell nucleus [DAPI] and red blood cells 
(anti-glycophorin C [Alexa Fluor® 647]).  
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Figure 17. In vitro thrombus formation experiments performed on a surface with thrombogenic coating 
consisting of tissue factor, fibrinogen and von Willebrand factor. The surfaces were exposed to recalcified 
whole blood at a shear rate of a) 100 s-1 and b) 1500 s-1 respectively. Fibrin network structure differs 
greatly between the two shear rates. Platelets are visible as brighter aggregates. Platelets were stained 
with Alexa Fluor® 546 phalloidin, fibrin network with anti-fibrinogen [FITC], white blood cell nuclei with 
DAPI and red blood cells with anti-glycophorin C [Alexa Fluor® 647]. 

 

To obtain quantitative data from the captured microscopy images, a function in Matlab® 
was written that performed analysis of platelet surface coverage as well as size distribution 
and quantity of objects in the images. 

4.4 Fluorometric methods 
Fluorogenic measurements of factor XIIa and thrombin activity were useful tools to 
quantitatively analyze the dynamics of contact activation and thrombin generation. The 
experiments were carried out in 96-well plates which allowed multiple samples to be 
analyzed simultaneously and in addition only required small sample volumes (~ 100 µL). 
The enzymatic activity was measured from the cleavage of peptide conjugated 7-Amido-
4-methylcoumarin (AMC). The AMC molecule will exhibit fluorescent properties when 
the amide bond to the peptide is cleaved (excitation: 380 nm, emission: 460 nm) (157, 
158). Boc-Gln-Gly-Arg-AMC was used in Paper V for measuring factor XIIa activity 
(159) and the substrate Z-Gly-Gly-Arg-AMC was used in Paper V for measuring 
thrombin activity (160). Measurements were performed in a Fluoroskan Ascent plate 
reader (Thermo Electron Corporation, Waltham, MA). The fluorogenic substrate 
measurements are compatible with both PFP and PRP which makes it a valid method for 
investigating platelet dependent contribution to contact activation and thrombin 
generation. Calibrated thrombin generation was performed and analyzed with 
Thrombinoscope® reagents and analysis program from Thrombinoscope BV (Maastricht, 
The Netherlands). The Thrombinoscope® software performs advanced analysis of the 
thrombin generation kinetics and calculates several useful parameters (160). However, the 
analysis program was only compatible with experiments where thrombin generation was 
initiated by strong activators, rapidly generating massive amounts of thrombin. In 
experiments where strong activators were absent, the magnitude of thrombin generation 
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was estimated in the sample by calculating the mean fluorescence intensity increase rate 
over a specific time period, usually 30 or 60 minutes. Factor XIIa generation was always 
evaluated by measuring the mean fluorescence intensity increase rate. It should be noted 
that we found the Boc-Gln-Gly-Arg-AMC fluorogenic substrate not to be entirely specific 
to factor XII and the substrate could also be cleaved by thrombin. This could however be 
circumvented by restricting the use of the Boc-Gln-Gly-Arg-AMC substrate to 
experiments with citrated plasma.   

4.5 Additional methods 
Free-oscillation rheometry (FOR) was performed with the ReoRox4 from Medirox 
(Nyköping, Sweden). The ReoRox4 is an instrument that can detect coagulation in whole 
blood and plasma samples by measuring changes in viscoelasticity. This method was used 
in Paper I to correlate coagulation times in plasma detected by the ReoRox4 to recorded 
intensity changes in the method for imaging of coagulation. The method was also used in 
Paper II and Paper V to measure whole blood coagulation. 

Flow cytometry is a method to quantitatively measure cell surface antigens by the use of 
fluorescently labeled antibodies. The cells are suspended in liquid and pushed through a 
micro capillary where bound fluorophores are excited by laser radiation and the emission 
measured by photomultiplier tubes. The narrow capillary forces the cells to pass through 
the exciting laser one by one, and a fluorescence signal from each single cell can be 
recorded. Flow cytometry was used in Paper V to measure platelet bound factor XI and 
XII. 

Several methods for surface characterization were also used; contact angle goniometry, 
scanning electron microscopy (SEM), ellipsometry, fourier transform infrared 
spectroscopy (FT-IR),  fluorescence recovery after photobleaching (FRAP) and quartz 
crystal microbalance with dissipation (QCM-D). However, describing these techniques in 
detail would fall outside the scope of the thesis. 
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Chapter 5 
 

 

5. Summary of Papers 
Presented in the following section are short summaries of the methodology, results and 
main conclusions from the included papers. 
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5.1 Paper I 
Imaging of blood plasma coagulation and its propagation at surfaces 
Lars Faxälv, Pentti Tengvall, Tomas L. Lindahl 

The purpose of this paper was to present the novel method for imaging of coagulation. 
We also wanted to evaluate its performance and reproducibility in both platelet-rich 
plasma (PRP) and platelet-free plasma (PFP). To achieve this, we used the method to 
analyze two well-characterized surfaces; hydrophilic and hydrophobic glass. 

Analytic procedure  

Hydrophilic glass surfaces were prepared by incubating cut microscopy slides in 70% 
ethanol with 0.35 M HCl. Hydrophobic glass surfaces were prepared by incubating 
cleaned hydrophilic glass in a solution of 1% dichloro dimethylsilane ((CH3)2SiCl2) in 
xylene for 5 minutes. The coagulation process at the hydrophilic and hydrophobic glass 
was thereafter captured in the imaging of coagulation setup. Four replicates were 
simultaneously run for both PRP and PFP from a single donor. In total, plasma from four 
different donors was used. The coagulation process in each cuvette was analyzed with 
regard to surface coagulation time and propagation rate of coagulation.  

 

Figure 18. Hydrophilic glass was obtained by incubating microscopy slides in a solution of 70% ethanol 
with 0.35 M HCl overnight. This rendered the glass surface highly hydrophilic with an advancing contact 
angle of < 10°. The hydrophobic surfaces were prepared by incubating hydrophilic glass in a 1% solution 
of dichloro dimethylsilane in xylene for 5 minutes. The glass surfaces were after subsequent washing in 

ethanol and water extremely hydrophobic with an advancing contact angle of ~100°. 

Results   

The hydrophilic surfaces activated coagulation rapidly and the coagulation propagated in a 
well-defined manner from the surfaces. Hydrophobic surfaces were extremely inert, 
resulting in very long surface coagulation times that in addition were subject to large 
variations. Furthermore, the propagation phase at the hydrophobic surfaces could not be 
analyzed successfully since the long initiation time resulted in spontaneous coagulation 
throughout the cuvette. 

Conclusions  

Imaging of coagulation is a method well suited for measuring the onset of coagulation at 
any type of surface, although, surfaces that are poor activators of coagulation will generate 
large variations in the detected surface coagulation time. However, these large variations 
are most certainly not related to this specific method. Analysis regarding propagation of 
coagulation is only suitable for surfaces that activate coagulation rapidly.  
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5.2 Paper II 
Glycerol Monooleate - Blood Interactions 
Emma M. Ericsson, Lars Faxälv, Anna Weissenrieder, Agneta Askendal, Tomas L. Lindahl and 

Pentti Tengvall 

In this work we tested the haemocompatibility of glycerol monooleate (GMO), a 
proposed substance for use in biomaterial applications. 

Analytical procedure  

GMO is in room temperature a greasy substance and was therefore coated on a matrix 
composed of cross-linked human serum albumin (HSA) for analysis of protein 
adsorption, stability under shear, and surface initiated coagulation. Hemolytic activity and 
effects on whole blood coagulation with free-oscillation rheometry was performed by 
solving GMO in dimethyl sulfoxide (DMSO). 

 

Figure 19. Glycerol monooleate (GMO) was coated onto a matrix of crosslinked human serum albumin 
(HSA). The crosslinked HSA matrix was attached to a silicon substrate. The silicon substrate, the HSA 
matrix and the GMO coating were all tested in the imaging of coagulation and cone-and-plate setup.  

 

Results  

It was found that GMO did not activate coagulation to any great extent either in plasma 
or in whole blood. GMO did however induce some hemolysis in whole blood. When 
GMO coated surfaces were exposed to phosphate buffer or whole blood a considerable 
amount of the GMO was removed. However, 75 Å of GMO coating seemed to be firmly 
attached to the HSA matrix and could not be removed in neither stagnant nor shear 
conditions. 

Conclusions 

GMO is a more or less haemocompatible substance. However, thick coatings seem to 
dissolve in contact with blood and the substance can therefore only be recommended for 
extravascular biomaterial applications.  
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5.3 Paper III 
Blood compatibility of photografted hydrogel coatings 
Lars Faxälv, Tobias Ekblad, Bo Liedberg, Tomas L. Lindahl 

PEG-containing hydrogels have demonstrated excellent protein and cell resistant 
properties (125, 161, 162) and have therefore been widely proposed for biomaterial 
applications. In this paper we investigated the haemocompatible properties of PEG-
containing hydrogels and compared them with hydrogels constructed from three different 
non-PEG-containing monomers.  

Analytical procedure 

Thin hydrogel coatings were produced on polystyrene (PS) substrates by self-initiated 
photografting and photopolymerization (SIPGP) (163). The monomers 2-hydroxyethyl 
methacrylate (HEMA), poly(ethylene glycol) methacrylate (PEGMA), ethylene glycol 
methyl ether methacrylate (EGMEMA), 2-carboxyethyl acrylate (CEA) or a mixture of 
HEMA and PEGMA were used for hydrogel grafting. A hydrophilic radio frequency 
plasma treated PS [PS(RF)]surface was also included in the test. The PS surfaces and the 
hydrogel coatings were thoroughly characterized by water contact angle goniometry, 
infrared spectroscopy (FT-IR) and ellipsometry. The haemocompatible properties were 
determined by protein adsorption, platelet adhesion in stagnant and shear conditions 
(utilizing the cone-and-plate setup) and coagulation assay by the use of the imaging of 
coagulation setup. 

 

 

Figure 20. Hydrogel coatings for biomaterial applications were produced by UV-photografting on 
polystyrene substrates. The hydrogels used in this work were grafted from the monomers 2-hydroxyethyl 
methacrylate (HEMA), poly(ethylene glycol) methacrylate (PEGMA), ethylene glycol methyl ether 
methacrylate (EGMEMA), 2-carboxyethyl acrylate (CEA) or a mixture of HEMA and PEGMA. A hydrophilic 
radio frequency plasma treated PS [PS(RF)]surface was also included. 
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Results  

Protein adsorption measurements revealed that large amounts of fibrinogen adsorbed on 
the PS and PS(RF) surfaces. High molecular weight kininogen was specifically adsorbed 
on the PS(RF) surface. The hydrogels produced from EGMEMA and CEA also adsorbed 
detectable amounts of protein, but the specific protein type could not be determined. 
Hydrogels containing PEGMA and/or HEMA did not facilitate any detectable protein 
adsorption. Platelets adhered readily to PS and PS(RF) surfaces but only in minute 
quantities to EGMEMA and CEA.  Hydrogels containing PEGMA and/or HEMA were 
highly resistant towards platelet adhesion. Neither the PS substrate nor the hydrogel 
coatings activated coagulation to any great extent. There was an indication that the 
negatively charged hydrogels produced from CEA had a reduced surface coagulation 
time.  The hydrophilic PS(RF) surface was found to be a strong activator of coagulation.  

Conclusions 

It can be concluded that all the grafted hydrogels demonstrated good haemocompatibility 
and particularly those produced from the monomers PEGMA and/or HEMA. 
Interestingly, hydrogels produced from HEMA has in previous studies facilitated platelet 
adhesion (164, 165), and we therefore hypothesize that part of the haemocompatibility 
can be attributed to the SIPGP grating technique. In summary, we can recommend the 
use of PEGMA and HEMA containing hydrogels grafted by the SIPGP method for 
blood contacting biomaterial applications.  

  



46 
 

5.4 Paper IV 
Activation of blood coagulation at charged supported lipid membranes  

Lars Faxälv, Jasmin Hume, Tomas L. Lindahl, Bengt Kasemo, Sofia Svedhem 

The purpose of this work was to investigate the relationship between surface charge of 
phospholipid membranes and initiation and propagation of coagulation. Also, we wanted 
to demonstrate that coagulation at phospholipid membranes could successfully be studied 
in the method for imaging of coagulation.  

Analytical procedure  

Supported phospholipid membranes were formed from palmitoyl-oleoyl-glycero-3-ethyl-
phosphocholine (POEPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 
and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] (POPS) on silicon substrates. 
The surface charge of the phospholipid membranes was controlled by using different 
compositions of POPS (negative net charge), POPC (~ zero net charge) and POEPC 
(positive net charge). Imaging of coagulation experiments were performed on all 
phospholipid membrane coated surfaces as well as the clean silicon substrate.  The 
experiments were performed in platelet-free plasma (PFP) diluted 1:1 with phosphate 
buffered saline (PBS). 

 

 

Figure 21. Silicon substrates were coated with phospholipid membranes. The membranes were produced 
with different compositions of palmitoyl-oleoyl-glycero-3-ethyl-phosphocholine (POEPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-L-serine] 
(POPS). The surfaces above demonstrates silicon substrate (left) and a POPS(30%)/POPC(70%) (right) 
supported bilayer. 
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Results 

In the comparison of the negatively charged SiO2 surface with the negatively charged 
POPS (30%)/POPC(70%) we found an interesting difference. Although both surfaces 
activated coagulation rapidly, the POPS surface facilitated a faster propagation of 
coagulation from the surface than the SiO2 surface. It was also found that in order for the 
phospholipid membranes to exert procoagulant properties, the POPS content in the 
membrane had to exceed ~6 %. It was also found that positively charged phospholipid 
membranes did not induce activation of coagulation.  

Conclusions 

The work in this paper demonstrated that the coagulation process at phospholipid 
membranes can be studied in a straightforward manner using the imaging of coagulation 
setup. Furthermore, we speculate that the negatively charged phospholipid membranes 
but not the SiO2 surface can support the binding of coagulation factor complexes, thus 
facilitating a faster propagation of coagulation. The fact that the POPS content must 
exceed ~ 6% to fully exert procoagulant properties was also a very interesting result, 
especially since platelets, when activated, become procoagulant by increasing their 
negatively charged phosphatidylserine exposure from ~0 % to maximally ~10 % (101-
104).   
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5.5 Paper V 
The role of coagulation factor XII in propagation of coagulation 

Lars Faxälv, Sofia Ramström, Kristina Soutukorva, Pentti Tengvall, Tomas L. Lindahl 

The aim of this paper was to elucidate the physiological role (if any) of factor XII in 
human haemostasis and thrombosis. The role of factor XII has for a long time been 
perused since, intriguingly, individuals lacking factor XII can lead seemingly healthy lives 
without any bleeding problems (64, 72). The topic has recently gained renewed interest 
after Renne et al. found that mice deficient in factor XII do not have normal thrombus 
formation (82). 

Analytical procedure  

Flow cytometry was used to detect factor XI and factor XII on the surface of resting and 
activated platelets. To determine if any endogenous surface associated with ongoing 
thrombus formation could activate factor XII, platelets as well as clots produced from 
platelet-free plasma, platelet-rich plasma and whole blood were tested for potential factor 
XII activation. Imaging of coagulation and in vitro thrombus formation experiments were 
performed in order to determine if factor XII was involved in the initiation or 
propagation phases of normal haemostasis. In these experiments coagulation and 
thrombus formation were initiated by surfaces with thrombogenic coatings; tissue 
factor/phospholipid coating for imaging of coagulation and tissue factor/phospholipid, 
fibrinogen and von Willebrand factor coating for in vitro thrombus formation. The effect 
of factor XII activation in the different experiments was determined through inhibition of 
factor XIIa by corn trypsin inhibitor (CTI) (166).  

 

 

 

Figure 22. Thrombogenic coating of surfaces intended for use in the imaging of coagulation setup 
consisted of a tissue factor (TF)/phospholipids coating on top of hydrophobic glass. The thrombogenic 
coating for the cone-and-plate based thrombus formation model consisted of tissue factor 
(TF)/phospholipids and the adhesive molecules fibrinogen and von Willebrand factor.    
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Results  

It was clear that both factor XI and XII bound to the surface of activated platelets, 
however, neither activated platelets nor the surface of any coagulum could activate factor 
XII to any great extent. However, analysis of propagation rates from imaging of 
coagulation experiments revealed that inhibition of factor XII resulted in a platelet 
dependent decrease in propagation rate. Also, in presence of a strong contact activating 
agent (in this case the hydrophilic SiO2 surface), the propagation of coagulation at a tissue 
factor coated surface was greatly enhanced. Inhibition of factor XII had a moderate 
attenuating effect on fibrin network formation in the thrombus formation model, but 
only during low shear conditions.  

Conclusions  

We found that factor XI and XII both bind to activated platelets and that this binding 
most probably enhances the propagation of the intrinsic pathway of coagulation. 
Furthermore, we also found that tissue factor initiated coagulation could be greatly 
accelerated by the presence of contact activating agents. This could be of importance in 
biomaterial applications as contact activation on the biomaterial can, not only induce 
thrombus formation on the actual biomaterial surface, but also boost ongoing tissue 
factor initiated thrombus formation at other locations in the vascular system.    
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Chapter 6 
 

 

6. Concluding remarks 
During the course of this work we developed the method for imaging of coagulation. The 
development process was at first proceeding very fast, rapidly generating a number of 
interesting results that we planned to investigate in the near future. However, the results 
also disclosed several problems with the initial setup that needed to be corrected, and this 
work took a substantial amount of time and effort. In addition, several software functions 
were also written to efficiently handle and analyze the large amount of image data that 
was generated by the method. When finally all these improvements had been adopted, the 
method performed very well and the data could be analyzed and presented in a number of 
different ways.  

The main advantage with the imaging of coagulation setup is that the coagulation process 
can be followed with both time and spatial distribution, whereas most conventional 
method are restricted to measuring coagulation as a bulk process. With this feature it is 
possible to determine both where and when coagulation is initiated, as well as analyzing 
the kinetics of the propagation phase. The coagulation event can thus be followed all the 
way from initial activation to the final clotting of the whole sample.  

After the completed development of the imaging of coagulation setup we learned that a 
system with the same principle of detection had previously been constructed in the group 
of F.I. Ataullakhanov (167-169). Their setup did however differ significantly from ours 
allowing only one single plasma sample experiment to be performed at a time. Also, they 
used polystyrene (PS) for their experimental chamber, which induce more contact 
activation than our PMMA cuvettes (which was also the reason why we chose PMMA 
cuvettes instead of PS cuvettes).  

It should be pointed out that although the imaging of coagulation setup can detect 
coagulation directly at surfaces, it is not a surface sensitive technique per se, unlike surface 
plasmon resonance (SPR) or quartz crystal microbalance with dissipation (QCM-D) 
which previously have been applied to coagulation studies (124, 170). It is reasonable to 
assume that such surface sensitive methods have a greater sensitivity for the initial fibrin 
deposition on the surface. However, such methods have other drawbacks like a relatively 
short sensing distance and limitations in the type of experimental surfaces that can be 
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used. Imaging of coagulation is in this regard a superior method since propagation can be 
measured over long distances and the setup is very flexible, allowing almost any type of 
material or experimental surface to be studied, providing it will fit in a standard 
spectrophotometry cuvette. These properties make the imaging of coagulation setup a 
perfect tool for evaluating the blood compatibility of biomaterials. 
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