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ABSTRACT

This thesis describes several aspects of the development of point-of-care, blood coagulation monitoring assay devices including, the design and modification of the underlying substrate platform, development and optimisation of the active assay reagent formulations required for particular assays, the investigation of novel coagulation detection approaches, and analysis of resulting clinical data to establish the usefulness of such assays in point-of-care diagnostic applications. The work resulted in the demonstration of two types of point-of-care coagulation assays; one for measuring fibrinogen levels and the other for the performance of clotting time tests such as an activated partial thromboplastin time.

Chapter 1 is an introductory chapter describing the normal process of haemostasis and mechanisms of thrombosis. Various classes of anticoagulant drugs and mechanisms by which they exert their activity were explained. A number of substances used to induce clotting and their application in coagulation monitoring assay devices were discussed, as were issues relating to substrate materials and their surface modification for the purposes of assay device development. 

Chapter 2 outlines the materials and methods used in this study.

Chapter 3 investigates the use of a novel micropatterned polymer substrate material for the development of coagulation assays and the modifications these required to make this feasible. It provides an in-depth characterisation of the modification of the micro-patterned substrate with various surface layers such as oxygen plasma treatment, poly (acrylic acid), polyelectrolyte, SiOx and dextran to produce surfaces which were hydrophilic and biocompatible with blood. A broad range of modified surfaces were investigated and documented. A detailed physical and biological characterisation was performed of the best performing surface. 

Chapter 4 demonstrates the development of a lateral flow clotting assay device based on the platform investigated in Chapter 3. A fibrinogen content assay device was successfully developed based on the established principle. This rapid, simple and reliable device was shown to be a viable assay for point-of-care determination of clinically relevant concentrations of fibrinogen. The device was capable of measuring plasma and whole blood fibrinogen. Assay precision and accuracy were evaluated by correlating against the “gold standard” hospital method and the assay was validated with patient samples. 

Chapter 5 focuses on the characterisation of a range of commercially available aPTT reagents and their performance in dried format to assess their suitability for incorporation into the aPTT assay developed in the subsequent chapter (Chapter 6). A comparison of ten reagents in terms of their ability to rapidly and reliably activate coagulation was performed. Their response to heparin dosage was also comprehensively investigated. 

Chapter 6 describes the development of an assay for the accurate determination of clotting times and their modification by anticoagulant drugs. This device was again based on the platform studied in Chapter 3 and the reagents screened in Chapter 5. The assay was based on the detection of clot formation in a lateral flow device by using a fluorescently-labelled fibrinogen reagent. The overall outcome was a reproducible, single-step, fluorescence-based assay capable of a wide heparin dosage range assessment, 0 – 2 U/mL in both plasma and whole blood samples. The assay was validated using both heparin-spiked control plasma and samples from patients subject to anticoagulant therapy. The results correlated well with two independent methods routinely used in hospital practice for aPTT determination.

Chapter 7 briefly summarises the overall conclusions of the thesis and suggests further potential work relating to these assay devices.

1.0 INTRODUCTION


1.1 Haemostasis and the coagulation cascade

Haemostasis is a protective process that helps to maintain a stable physiology and prevents excessive blood loss upon injury. Haemostasis is a balanced interaction between blood cells, vessel walls, the coagulation system and the fibrinolytic system (Bick and Murano, 1994). Three processes typically occur during haemostasis: formation of a platelet plug, blood clotting and fibrinolysis.

The coagulation cascade consists of two pathways: the tissue factor (TF) pathway (the extrinsic pathway) and the contact activation pathway (the intrinsic pathway). These pathways are a series of reactions in which several enzymes and their glycoprotein co-factors play a major role (Rodak, 2007). The coagulation factors circulate as zymogens (inactive forms of enzymes). Many of the coagulation factors are enzymes which cleave other proteins at specific sites. They are generally indicated by Roman numerals with the prefix “F” to indicate factor and the suffix “a” appended to indicate the active form (Hansel and Dintzis, 2005). Table 1.1 outlines the main functions of the factors involved in the coagulation cascade. The rate-limiting factor in blood coagulation is the formation of a prothrombin activator, which is activated as a result of trauma to the vascular wall and surrounding tissues. The extrinsic pathway involves the release of TF (tissue thromboplastin, FIII) from injured cells (Black, 2006, Prydz and Allison, 1978). Thromboplastin is an integral membrane glycoprotein (apoprotein III). Its activity is dependent upon surrounding phospholipids. The apoprotein alone has no procoagulant activity, but in conjunction with the appropriate phospholipids it is the most potent trigger of blood coagulation (Hetland et al., 1985). The extrinsic pathway is activated with the release of TF which forms a complex with FVII. Activation of FVII leads to FVIIa which in the presence of TF and calcium (Ca2+) is capable of activating FX and FIX. The FXa combines immediately with tissue phospholipids that are part of TF or with additional phospholipids released from platelets as well as with FV to form the prothrombin activator (Fig. 1.1).


Table 1.1. Description of blood coagulation proteins.

Information sourced from: (O’Shaughnessy, 2007, Stief et al., 2007).

	Name
	Description

	Factor I; fibrinogen
	Converted to fibrin by the action of thrombin in the presence of ionized calcium

	Factor II; prothrombin
	Inactive precursor of thrombin

	Factor III; thrombokinase; TF


	Forms a complex with FVII; converts prothrombin to thrombin in the early stages of blood clotting

	Factor IV
	Ions of calcium

	Factor V; accelerator factor, proaccelerin, prothrombin accelerator
	Not active enzymatically; cofactor

	Factor VI
	Unassigned

	Factor VII; cothromboplastin, proconvertin, stable factor
	Formed in liver under the influence of vitamin K

	Factor VIII; antihaemophilic globulin, antihaemophilic factor
	Associated with  haemophilia A and  von Willebrand’s disease

	Factor IX; Christmas factor
	A deficiency causes haemophilia B

	Factor X; prothrombinase, Stuart factor
	Converts prothrombin to thrombin

	Factor XI; plasma thromboplastin antecedent
	Its deficiency results in a hemorrhagic tendency

	Factor XII; Hageman factor
	Its deficiency results in prolongation of venous blood clot time

	Factor XIII
	fibrin stabilising factor


The intrinsic pathway is activated by an initiation event such as surface contact activation and depends upon the interactions of normal blood components (macromolecules, cells, platelets etc.) (Guyton and Hall, 1996). It begins with trauma to the blood or exposure of the blood to collagen released from the vascular wall which alters the activity of both FXII and platelets. In the presence of high-molecular-weight kininogen (HMWK) and prekallikrein, FXIIa can activate FXI. FXIIa converts prekallikrein to kallikrein. With the activation of FXIa, the fluid phase of clotting with the requirement of Ca2+ ions begins with the further activation of FIX to FIXa. FIXa, together with FVIIIa and with platelet phospholipids and platelet factor 3 (PF3) from the traumatised platelets, activates FX and FV is then activated. The formation of the prothrombin activator follows the same route as the extrinsic pathway (Seegers, 1985, Mammen and Ulutin, 1985) (Fig. 1.1). 

Both extrinsic and intrinsic pathways lead to the formation of the prothrombin activator which links both pathways to begin the common pathway. The role of the prothrombin activator is to convert prothrombin to thrombin in the presence of ionic Ca2+. Thrombin in turn polymerises fibrinogen molecules into fibrin fibres to create a clot.

[image: image2.emf]T rauma to the vascular wall and surroundings tissues                       FVII     Tissue factor  and  phospholipids                                                                                                         P latelet  phospholipids                                   FVIIa                   Ca 2 +              FX                                                 FXa                                                           FV                                                                                                                                Ca 2 +                                                                                                            FXIII         Prothrombin (FII)                                                  Ca 2 +                                                                                                                           PROTHROMBIN ACTIVATOR                               FXIIIa               Thrombin                 Ca 2 +                                                                                    Fibrin clot                     Fibrin                  F ibrinogen (FI)                                                                                                                                                                                                                                                                                                                                                                    FX                                 FXa                                                                                                                                                                                                                                                                                 FIX                                    FIXa           Platelet   phospholipids ,                                                                                                                     FVIIIa, Ca 2 +                                   FXI                                  FXIa                                                                                       Ca 2 +          FXII                                   FXIIa       T rau ma to the blood or exposure of the blood to vascular wall collagen  

Extrinsic Pathway   

w  

Intrinsic Pathway   

w  

Common Pathway   

w  


Fig. 1.1. Coagulation cascade. Information sourced from (Souhami, 2002).


1.2 Thrombosis

1.2.1 Mechanism and causes

Thrombosis occurs when blood stops flowing freely and a clot (thrombus) forms inside a blood vessel, blocking a vein or artery. The formation of a thrombus is usually caused by injury to the vessel wall by trauma, infection, or by the slowing/stagnation of blood flow past the point of injury, often as a result of abnormalities in coagulation. The aetiology of venous thrombosis has advanced with the discovery of several factors that contribute to the incidence of thrombosis, particularly the role of coagulation abnormalities. Acquired risk factors, such as pregnancy, puerperium, use of oral contraceptives, and immobilisation, also affect many people, so a combination of risk factors in one person is common. Indeed, multiple risk factors are a prerequisite for thrombosis to develop (Rosendaal, 1999). Someone that has a thrombosis is at risk from an embolism. When this happens, part of the clot can break off, travel around the body and eventually block blood flow and cause potentially fatal complications. This process is known as embolisation and the clot is called an embolus (Stein, 2007). Thrombosis can have multiple determinants. Multi-causal disease manifests most clearly in children. In the rare event of thrombosis in children, genetic risk factors are usually present simultaneously. Not only is it rare to find children with thrombosis without any risk factors, there are many that have three or four risk factors. In 25 – 30% of children with thrombosis, deficiencies of protein C, protein S, or antithrombin have been reported, but thrombosis did not develop until other risk factors were present, such as intravenous lines or major illness 


(Andrew et al., 1994, Journeycake and Manco-Johnson, 2004, Dowling et al., 2007, Tormene et al., 2006) ADDIN EN.CITE . 

There are two distinct forms of thrombosis: arterial and venous. Arterial thrombosis is often a more acute condition than venous thrombosis because it prevents the supply of oxygen and nutrition to an area of the body. Thrombosis in one of the arteries leading to the heart can cause myocardial infarction (heart attack). Fatty, cholesterol-laden deposits forming on the smooth artery lining cause the narrowing of arteries. The hardening of these fatty deposits results in the generation of tough “plaques” inside arteries. Gradual narrowing of the artery channel and clot formation is called atherosclerosis (Laffan and Tuddenham, 1997). These processes reduce the rate at which blood and oxygen can be delivered to the heart (ischaemia) resulting in a heart attack (Cutting, 2004). The formation of a thrombosis in the brain causes stroke, which is defined as permanent damage to an area caused by a blocked blood vessel or bleeding within the brain. It is a major cause of death or disability among adults in the USA (Stein, 2004). Venous thrombosis develops in one of the veins of the body. Deep vein thrombosis (DVT) often begins in the calf or thigh because blood moves relatively slowly in these areas, particularly if exercise is limited. In one of the main veins blood begins to pool and a clot forms. It can be attached to the wall of a vessel and develop, gradually blocking blood flow. Pulmonary embolism is caused by a clot breaking off and travelling to a blood vessel in the lungs, which can be fatal (Griffin, 1996).

1.2.2 Genetics of thrombosis

A hereditary component of venous thrombosis was first fully recognised in the 1960s when reduced levels of antithrombin were shown to be associated with recurrent thrombosis in one particular family (Egeberg, 1965). Since this discovery, multiple studies have shown almost 250 different mutations for antithrombin deficiency and the risks associated with this disorder. Other causes of inherited thrombophilia include protein C deficiency, which confirmed the autosomal dominant inheritance pattern (Koster, 1995, Griffin, 1981) and the discovery of an inherited deficiency of the co-factor for protein C and protein S (Comp et al., 1984). All three of these proteins (antithrombin, protein C and protein S) play an important role in the regulation of coagulation. Deficiencies of these proteins result in increased thrombin generation and a predisposition to thrombosis. Further confirmation of the multiple genetic factors for increased thrombotic risk was the description of activated protein C-resistance (APC-R) in 1993, which dramatically changed the diagnosis and management of venous thrombotic events 


(Dahlback et al., 1993, Khan, 2006, Pathare et al., 2006) ADDIN EN.CITE . 

1.2.3 Thrombosis predisposition testing

A predisposition to thrombosis, caused by defects in the anticoagulant system, can be tested using thrombosis risk analyses. These assays can be categorised as follows: assays which estimate the circulating concentration of individual zymogen, substrate, or inhibitor, assays which measure molecular species that are formed as a result of in vivo enzymatic activity and assays which directly measure plasma enzymes (Tracy, 1997). However, work is needed to improve these assays, as the interpretation of results has been hindered by issues such as the potential for in vitro artefacts with blood collection, different reagent systems that are available for many of these assays and the lack of regulated and standardised testing. The most common thrombosis risk tests measure level of following: anti-phospholipid antibodies, D-dimer, protein C, fibrinogen, protein S, FV Leiden, prothrombin 1.2 and antithrombin . These tests are extremely useful for assessing cardiovascular disease predisposition and also for predicting re-occurrence.

1.2.4 Anticoagulants

Millions of people in the world take oral anticoagulants on a permanent basis and there are also patients that are reliant on anticoagulant therapy for periods of several weeks or several months. For this significant number of patients, anticoagulation is an important and necessary life-long commitment. Oral anticoagulant therapy is necessary if the patient has an artificial heart valve, or is affected by atrial fibrillation or thrombotic disease. Blood clotting times have to be monitored regularly. Coagulation monitoring and drug dosage adjustment are required to maintain the International Normalised Ratio (INR) within the therapeutic range (Ansell et al., 2004). INR is a system that was established by the World Health Organization (WHO) and the International Committee on Thrombosis and Hemostasis for reporting the results of blood coagulation tests. The INR was introduced for the standardisation of thromboplastin reagents, which are calibrated against a standard by means of an International Sensitivity Index (ISI). The INR can be calculated as follows (www.who.int/en):

INR = (observed ratio)ISI of thromboplastin. 

Several types of anticoagulants acting on different coagulation pathways are outlined below:

Vitamin K antagonists

Coumarin derivatives produce an anticoagulant effect by interfering with the cyclic inter-conversion of vitamin K and its 2,3 epoxide (vitamin K epoxide). Vitamin K is a cofactor for the carboxylation of glutamate residues to γ-carboxyglutamates (Gla) on the N-terminal regions of vitamin K-dependent proteins. These proteins (which include the coagulation FII, FVII, FIX, and FX) require γ-carboxylation by vitamin K for biological activity (Cain et al., 1997). By inhibiting the vitamin K conversion cycle, hepatic production of partially decarboxylated proteins with reduced coagulant activity is induced (Whitlon, 1978, Stenflo et al., 1974). Vitamin K antagonists substantially reduce the risk of ischemic stroke in patients with atrial fibrillation. Additionally, therapeutic anticoagulation at the time of acute stroke admission can reduce in-hospital mortality and disability (O'Donnell et al., 2006). Warfarin (Coumadin) ((RS)-4-hydroxy-3-(3-oxo-1-phenylbutyl)-2H-chromen-2-one), traditionally used as a rodenticide (Smith et al., 1993), is effective for primary and secondary prevention of venous thromboembolism, for prevention of cardioembolic events in patients with atrial fibrillation or prosthetic heart valves, for prevention of stroke, recurrent myocardial infarction or cardiovascular death in patients with acute myocardial infarction and for the primary prevention of acute myocardial infarction in high-risk men (Hart et al., 2007, Baigent et al., 1998). Warfarin therapeutic dosage can be affected by dietary factors, metabolic interactions and other medication making it difficult to manage (Sick et al., 2007). The most common complication of warfarin therapy is bleeding, which occurs in 6 to 39% of recipients (Levine et al., 1995). The incidence of complications varies within this range, depending upon the clinical indication and the intensity of anticoagulation. The median annual rate of major bleeding and fatal bleeding in patients receiving warfarin therapy is 0.9 to 2.7% and 0.07 to 0.7%, respectively (Landefeld and Beyth, 1993). (Hirsh et al., 2003)Due to the variability in the anticoagulant response to warfarin (which reflects genetic variations in metabolism and environmental factors such as medication, diet, and concomitant illness) regular monitoring and dosage adjustment are required to maintain the INR within the therapeutic range . Acenocoumarol (2-hydroxy-3-[1-(4-nitrophenyl)-3-oxobutyl]-4H‑chromen-4-one) and phenprocoumon (2-hydroxy-3-(1-phenylpropyl)chromen-4-one) are derivatives of coumarin, widely used in many European countries as anticoagulant drugs for the prevention and treatment of arterial and venous thromboembolic disorders (Hirsh et al., 2001). Careful dosage adjustment based on the INR is essential, due to large inter-patient variability within the dose–anticoagulant relationship and the narrow therapeutic index (Kammerer et al., 2005).

Heparin and derivatives

Heparin is a powerful blood anticoagulant essential for open heart surgery, organ transplants, bypass surgery, dialysis, and for treating dangerous internal blood clots, or thromboses, which can block blood flow to the lungs with sudden and fatal results. Heparins are a heterogeneous group of straight-chain anionic mucopolysaccharides, called glycosaminoglycans. Heparin for clinical use is typically of porcine or bovine origin, and prepared as sodium or calcium salt from mucosal tissue extracts (Linhardt and Gunay, 1999). Heparin is not a thrombolytic agent. It does not directly cause clot lysis, but prevents progression of the existing clot by inhibiting any further clotting processes, allowing naturally occurring thrombolytics (species which break up clots) to allow dissolution of a thrombus. Heparin exerts its anticoagulant activity by reversibly binding to antithrombin naturally occurring in the blood. Antithrombin is a serine protease inhibitor belonging to the serpin superfamily of proteins, classified as serpin C1 (Silverman et al., 2001). Its role is to block the action of important coagulation factors, mainly FIXa, FXa, and thrombin (Olson et al., 2004). Heparin accelerates the ability of antithrombin to neutralise thrombin and FXa. The heparin-antithrombin complex also inactivates activated coagulation factors IX, XI, XII and plasmin. Thrombin and FXa are the most sensitive to inactivation by the heparin-antithrombin complex (Smith, 1996b). Heparin is administered by injection. Dosage requirements for full-dose heparin therapy vary widely between individuals and type of therapy. There are several methods used to determine the heparin dosage. The standard therapy is based on the activated partial thromboplastin time (aPTT), which should return values between  1.5 – 2.5 times the control depending on the reagent used (Lake and Moore, 1995). Body weight is a relatively good predictor of heparin dose and initial dosages may be calculated on a unit/kg basis. This method can induce rapid anticoagulation. However, aPTT is still monitored every six hours to maintain it within the suggested range as indicated above (Davis, 1999). Bleeding is the most common side effect of heparin and is higher in patients treated with high dose therapy. If the aPTT ratios are above the recommended target range, the risk of bleeding is high. Heparin-induced thrombocytopenia (HIT) is a well-known immune-mediated side effect of heparin therapy. It occurs as an abnormal decrease in the number of platelets (Warkentin, 2003). Heparin binds to platelets, activating platelet factor 4. Complexes of heparin and platelet factor 4 can stimulate the formation of antibodies, causing HIT (Kelton et al., 1994). At therapeutic doses, heparin prolongs several coagulation tests including activated clotting time (ACT), activated partial thromboplastin time (aPTT), plasma recalcification time, prothrombin time (PT) (minimally), thrombin clotting time (TCT) and whole blood clotting time (WBCT). 

One of the principal forms of heparin is unfractionated heparin (UFH) that has a mean of 45 polysaccharide units (Waller et al., 2005). Standard UFH is a mixture of glycosaminoglycan composed of alternating residues of D-glycosamine and uronic acid and ranges in molecular weight from 5 to 30 kDa (Golan, 2008). UFH binds to antithrombin and accelerates the inactivation of thrombin. It can also bind to endothelial cells, plasma proteins (lipoproteins, fibronectin, fibrinogen, vitronectin and histidine-rich glycoproteins), proteins secreted by platelets (platelet factor 4 and high-molecular-weight von Willebrand factor) and other circulating cells (Hirsh, 1991). The result of this binding is hard to predict. It has several documented pharmacologic and practical limitations (Norrby, 2006, Antman, 2001).

Low molecular weight heparins (LMWHs) are derived from UFH using chemical or enzymatic methods. LMWH has a mean of 15 polysaccharide units and is now increasingly used to treat thromboembolic disorders (Waller et al., 2005). Their molecular weights range from 1 to 5 kDa (Golan, 2008). LMWHs have also been shown to be cost-effective for DVT therapy (Gould et al., 1999). It has been shown that patients treated with prophylactic doses of LMWH show a lower incidence of HIT than those treated with low-dose UFH (Warkentin et al., 1995). LMWH binds less avidly to heparin-binding proteins than UFH. This makes it more biologically active at lower dosages and more therapeutically predictable. It can be given once daily without laboratory monitoring. Despite LMWH therapy gaining more widespread use and the belief that less control over this therapy is required, there is still a need for some degree of monitoring as with all drug administration 


(Nutescu et al., 2005, Chan et al., 2006) ADDIN EN.CITE . 

Platelet aggregation inhibitors

Platelet adhesion and aggregation at a site of vascular injury is the first line of defence against blood loss and is necessary for normal haemostasis but may also lead to pathological thrombus formation (Nieswandt et al., 2007). There are several drugs acting via various mechanisms preventing pathologic thrombus formation. Their role is to modulate platelet function and reduce their aggregation 


(Jin et al., 2005, Charneau et al., 2007) ADDIN EN.CITE . 

Acetylsalicylic acid (Aspirin) is known for its “blood thinning” properties. It has an effect on platelet activity which is naturally controlled by prostaglandins. Low-dose long-term aspirin administration irreversibly blocks the formation of thromboxane A2 in platelets, producing an inhibitory effect on platelet aggregation. Aspirin as a part of modern pharmacotherapy effectively helps to prevent severe ischaemic complications in patients after myocardial infarction (Baigent et al., 2002). It was also shown to effectively reduce the incidence of heart attacks (Hovens et al., 2006). The patients, however, may still remain at high risk for serious complications. For this reason, administration of other antithrombotic drugs is important.

Thrombin inhibitors

Argatroban is a small synthetic molecule derived from L-arginine with specific antithrombotic activity. Argatroban is the only direct thrombin inhibitor for both prophylaxis and treatment of thrombosis in patients with HIT (Cleveland, 2003). It binds avidly and reversibly to the catalytic site of thrombin. It does not require other co-factors to exert its antithrombotic action. Due to its selective inhibitory mechanism, argatroban blocks both circulating and clot-bound thrombin. Its short elimination half-life (52 +/- 16 minutes) ensures a rapid restoration of haemostasis upon cessation of treatment (Escolar et al., 2006). Argatroban is considered to be an alternative anticoagulant of choice in patients with HIT and renal impairment. The recommended initial infusion of argatroban for patients with HIT should be 2 μg/kg/min. In hepatic impairment the initial dose is reduced to 0.5 μg/kg/min (Guzzi et al., 2006). 

Lepirudin (Refludan®) ([Leu,1 Thr2]-63-desulfatohirudin) is a recombinant hirudin, a direct thrombin inhibitor. It inhibits the active site pocket and the fibrinogen binding site of free and clot-bound thrombin (Weitz et al., 1998, Greinacher and Lubenow, 2001). Lepirudin has been shown to be effective in acute coronary syndromes, deep vein thrombosis and in the prevention of clotting in the haemodialysis circuit (Lubenow et al., 2005). The risk for severe anaphylactic reactions during lepirudin treatment is ~0.015% on first treatment and 0.16% in re-exposed patients (Greinacher et al., 2003). Recombinant hirudins are produced in yeast and small amounts (<0.001%) of yeast proteins are found in commercially available products. Yeast proteins or other compounds such as mannitol could be responsible for anaphylactic reactions (Greinacher et al., 2003). 

Bivalirudin (Angiomax®) is a synthetic antithrombin and an analogue of hirudin. It specifically binds both circulating and clot-bound thrombin (Carswell and Ploskcr, 2002). The binding of bivalirudin to thrombin is reversible as thrombin slowly cleaves this binding, resulting in the recovery of thrombin active site functions. What is more, in contrast to the previously mentioned anticoagulants, bivalirudin does not bind to plasma proteins or platelets and does not cause HIT. It has a short half-life of 25 minutes (Weitz et al., 1990, Lefkovits and Topol, 1994). While a decreased occurrence of re‑infarction has been documented with bivalirudin therapy, a reduction in mortality rates has not yet been proven (White et al., 2001). 
Other ex vivo anticoagulants

A range of chemicals can be added to stop blood clotting in laboratory instruments. Many of these chemicals work by binding coagulation proteins and Ca2+ ions preventing their participation in the coagulation cascade (Ratner, 2004).

Ethylenediaminetetraacetic acid (EDTA) strongly and irreversibly binds Ca2+. Both, liquid and solid EDTA forms are used. However, the risk of haemolysis is reduced in tubes with liquid EDTA compared to tubes containing EDTA in powder form. Horsti et al. found that EDTA samples behave similarly to citrated samples in PT measurement assays (Horsti, 2000). Changes in blood cell morphology were not observed in EDTA samples (England et al., 1993). In addition, samples anticoagulated with EDTA can be used for cell counting. On the other hand, some studies have reported that platelets tend to swell in the presence of EDTA (Dastjerd et al., 2006). 

Citrate is an anticoagulant commonly used in liquid form for coagulation testing. It removes available Ca2+, but not as strongly as EDTA. Trisodium citrate is commonly used at the concentrations of 3.2 and 3.8% (w/v), which is a source of variability between labs and one of the factors influencing PT determination (Adcock et al., 1997). 

Fluoride used in the form of sodium fluoride is one of the weakest anticoagulants and is usually combined with stronger anticoagulants. A concentration of 6 – 10 mg/mL of blood is effective. However, when mixed with other anticoagulants, a lower concentration of 2 mg/mL can be used (Burtis and Ashwood, 2001). 

Oxalate operates via a similar mechanism to citrate and is commonly used in the form of potassium or sodium salts. Sometimes a combination of potassium oxalate with sodium fluoride is effective (Ceron et al., 2004). 


1.3 The chemistry of coagulation monitoring

The goal of anticoagulant therapy is to administer an adequate drug dose that effectively prevents clot formation or expansion. Several factors may interfere with anticoagulant therapy and result in patient dose requirement variability; these include age, weight, diet, disease history, other medications and genetic factors. Maintaining closer control of anticoagulation therapy reduces the occurrence of complications, such as uncontrolled thrombosis or bleeding. Therefore, it is important that the drug dosage is accurately administered and the coagulation status regularly monitored.

Coagulation monitoring devices are a broad group of tests that can be employed not only in measuring clotting time (CT) values, but also for the detection of clotting factor deficiencies or other clotting-related abnormalities i.e. FVIII deficiency, fibrinogen level, lupus anticoagulant antibodies (LA), D-dimer tests etc. Depending on the application of a particular assay, several different designs and clotting activators or other substances are employed. In coagulation assays based on CT measurements, the role of clot activating agents is to mimic the natural environment of induced coagulation that leads to clot formation. Specific coagulation enzymes or activated clotting factors can be employed to mimic a particular response and induce clotting. The most common assay reagents found in coagulation monitoring devices are listed below. 

1.3.1 Surface activators 

In vivo perturbation of the vascular endothelium caused by an inflammatory stimulus or mechanical injury results in an exposure of negatively-charged subendothelial structures that provoke procoagulant response and accumulation of platelets at the site of injury (Loscalzo and Schafer, 2003). Negatively-charged materials such as celite, kaolin, silica, ellagic acid, glass etc. are common components of in vitro blood analysing devices. These are capable of activating the intrinsic coagulation pathway by contributing to the surface-dependent activation of Hageman factor (FXII). Surface activators are major constituents of coagulation assays employing activation of the intrinsic pathway, e.g., ACT and aPTT.
Glass particles are haemostatically active and rapidly promote clot formation. The interest in glass as a clot-promoting surface arose from its common use as a container material. CTs are shortened when blood comes into a contact with a glass surface (Margolis, 1957). Haemostatic bioactive glass materials can perform the dual role of supplying Ca2+ ions, which are co-factors in the blood clotting cascade, and under physiological conditions provide a negatively charged siliceous oxide as a support for surface-dependent thrombotic reactions. Bioactive glass composites with a high Si/Ca ratio show high procoagulant activity. Glass particles are typically used in tests measuring medium circulating levels of heparin – for example in haemodialysis (Ostomel et al., 2006). 

As an adjunct to native whole blood, celite accelerates clotting via coagulation factors and platelet activation. Celite consists of chemically inert particles (silica) that provide a contact surface to activate FXII and platelets and induce the following steps of coagulation cascade 


(Mallett and Cox, 1992, Yamakage et al., 1998, Goobie et al., 2001) ADDIN EN.CITE . Celite-based devices, i.e. ACT Hemochron® can contain about 12 mg of celite. 

Kaolin is a hydrated aluminum silicate. This fine white powder with a rather slippery oily texture is slightly adhesive when mixed with water. Kaolin serves as a contact surface activator and an intrinsic pathway activator via FXII and is used to test high heparin levels (Boland and Muller, 2001). Kaolin-based devices can contain about 0.1 mL kaolin activator (i.e. HemoTec®). Aprotinin is often administered to patients particularly during coronary bypass surgery to reduce the risk of post-operative bleeding. It has been shown that kaolin-based ACT is not affected by aprotinin (protease inhibitor) throughout surgery, while celite-based ACT almost doubled as soon as aprotinin and heparin were combined 


(Wendel et al., 1993, Feindt et al., 1994) ADDIN EN.CITE . 

Silica particles are a common component of CT assays. Silica clotting time (SCT) is said to be the most sensitive assay for identifying LA antibodies in patients who meet the clinical criteria for antiphospholipid syndrome (Grypiotis et al., 2006). 

Ellagic acid is a soluble, low molecular weight contact activator of the coagulation cascade (Ratnoff and Crum, 1964). Ellagic acid is a water-soluble polyphenol antioxidant (Fig. 1.2). Its dilution reduces the potency to trigger coagulation. Interestingly, high concentrations of ellagic acid (greater than 1 mM final concentration) delay the rate and decrease the amount of thrombin production. Ellagic acid has multiple effects on the coagulation network and various effects were manifested at different concentrations (Ramjee, 2000). 
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Fig. 1.2. Chemical structure of ellagic acid.

It is of paramount importance for heparin therapy monitoring, that the surface activation components exert high effectiveness to maximally convert all FXII to FXIIa. This is especially important in cardiopulmonary bypass, when the amount of FXII is smaller because of haemodilution. In theory, if all FXII can be activated, the prolongation of clot formation will depend less on the variability in intrinsic coagulation and more exclusively on the activity of the heparin-antithrombin complex. Various commercial activators have different characteristics and interactions. Even the same coagulation activator, manufactured by different companies, can respond differently. Therefore, there is an urgent need for improvements in the standardisation of reagents activity for clotting assays. This variability highlights the importance of establishing appropriate instrument-specific reference values for monitoring anticoagulation. 

1.3.2 Tissue factor

Tissue factor is the physiological initiator of blood clotting in normal haemostasis. It forms a high-affinity binding with FVIIa, which is the “catalytic subunit” in this complex, while TF acts as the “regulatory subunit”. These tightly bonded factors represent the first enzyme of the blood clotting cascade (Smith and Morrissey, 2004b). TF is used as an in vitro trigger of blood coagulation via extrinsic pathway (Morrissey, 2001). It is routinely extracted, purified and stored in solutions containing relatively gentle detergents such as Triton X-100. For the highest procoagulant activity TF needs to coexist within a suitable phospholipid membrane. It must partly consist of negatively charged phospholipids, of which phosphatidylserine and phosphatidylethanolamine are considered the most important components (Bach et al., 1986, Tripodi et al., 1992). Several techniques have been reported for incorporating TF into artificial phospholipid vesicles (liposomes) (Mimms et al., 1981, Lawson et al., 1993). The key role of phospholipids is described in section 1.3.3. TF is an active ingredient of thromboplastin reagents that are widely used in clotting tests such as the PT assay. Thromboplastins were originally made from crude tissue extracts of animal or human origin. They were typically prepared from tissues that were in limited supply and subject to viral contamination like human brain and placenta. However, cloning and expression of recombinant human TF (rTF) has enabled the production of a new generation of thromboplastin reagents. As opposed to the classical extraction technology, the modern rTF reagents can be produced with consistent quality. Simplastin(r) HTF was one of the first such thromboplastin of human origin to become commercially available (BioMérieux, Inc., Durham, NC, USA). Due to the fact that thromboplastin reagents vary widely in composition and manner of preparation, there are major discrepancies in the sensitivity of anticoagulant therapy monitoring tests. More sensitive thromboplastin reagents exhibit a marked prolongation in the patient's PT compared to less sensitive thromboplastin reagents (Smith and Morrissey, 2004a, Hirsh et al., 2003). The ISI was introduced for correcting differences in the sensitivities of thromboplastin reagents to coumarin therapy. The ISI scheme has gained wide acceptance for measuring the responsiveness of a particular thromboplastin reagent to the decrease in activity of coagulation proteins resulting from coumarin administration (WHO, 1999). The lower the ISI value, the more sensitive the thromboplastin, with ISI values near 1.0 being the most desirable. Although ISI/INR has improved the monitoring and dosing of oral anticoagulation, some studies have reported discrepant INR values of various patient plasmas when using thromboplastins with similar ISI values (Tripodi et al., 2001). As shown for several thromboplastins, the ISI is influenced by the type of coagulometer used (van den Besselaar et al., 1999). Recombinant thromboplastins have also been criticised for being overly sensitive to plasma FVII levels, in comparison to tissue-derived thromboplastin reagents 


(Testa et al., 2002, Massignon et al., 1996) ADDIN EN.CITE .

1.3.3 Phospholipids

Phospholipids are a major component of thromboplastins and partial thromboplastins. As mentioned earlier, new generation tissue thromboplastins are based on rTF incorporated into phospholipid vesicles (platelet substitutes) for their optimal clotting activity (Tripodi et al., 1994). Rabbit brain, cephalin (dehydrated rabbit brain), bovine brain, soy bean and synthetically generated vesicles are the most widely used sources of phospholipids. The ISI value strongly depends on membrane phospholipid composition. Phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE) and sphingomyelin (SphM) are the major lipid components of the lipid layer. The presence of negatively charged phospholipids determines the ability of a membrane surface to bind each clotting factor in the coagulation cascade, from FVII to prothrombin (Nelsestuen and Broderius, 1977). The various phospholipid classes present in platelet membranes show an asymmetric distribution over both halves of the bilayer (Bevers et al., 1983). Only traces of negatively charged PS and approximately one fifth of PE can be detected in the outer leaflet. Neutral phospholipids such as PC and SphM are abundant in the outer leaflet (Bevers et al., 1983). This phospholipid asymmetry can be partially lost upon activation of the platelet and this reorganizational phenomenon is called “phospholipid scrambling” (Zwaal, 1988). PS which becomes surface-exposed promotes binding and catalysis of two enzyme complexes of the blood coagulation cascade, the tenase and the prothrombinase complexes (Rosing et al., 1985), and signals for rapid removal of cells by macrophages 


(Sambrano and Steinberg, 1995, Liu et al., 1995) ADDIN EN.CITE . Phosphatidylinositol and lysophosphatidylcholine were also identified, but only in minor quantities (Rouser and Schloredt, 1958). Although negatively charged phospholipids in general greatly accelerate the activation of prothrombin by the serine protease FXa, there is a clear difference in catalytic potency between the various anionic phospholipids with PS being by far the strongest catalyst (Vanrijn et al., 1984). The poor ability of PE to promote prothrombinase activity illustrates the essential requirement of the carboxyl group of the serine moiety (Rosing et al., 1988, Gerads et al., 1990). Despite the fact that this phospholipid contains two negative charges at physiological pH, its procoagulant properties were shown to be rather poor in comparison to PS. A possible explanation for the unique position of PS among the procoagulant phospholipids was given by the suggestion that this lipid allows the formation of a coordination complex in which Ca2+ is chelated by Gla residues of the proteins and the polar headgroup of PS (Resnick and Nelsestuen, 1980, Comfurius et al., 1994). It is now accepted that a mixture of acidic and neutral phospholipids, such as PS and PE can reproduce in vitro the majority of effects attributed to membranes in blood coagulation reactions. The highly stimulatory effects of PE on the procoagulant properties of PS highlight the physiological role of PE in promoting the activity of procoagulant platelet membrane surfaces (Smeets et al., 1996, Neuenschwander et al., 1995). 

1.3.4 Thrombin

Thrombin is a crucial enzyme in the coagulation cascade occurring naturally in blood. Its main action involves cleavage of soluble fibrinogen to insoluble fibrin which results in clot formation. Purified thrombin solution can be added in excess to a plasma sample in order to obtain a TCT which is then related to a normal, control plasma sample CT (Flanders et al., 2003). It is widely used in the diagnosis of bleeding disorders and to assess the effectiveness of fibrinolytic therapy. Purified thrombin from human or animal sources is also used in excess to induce clotting for the determination of abnormalities in fibrinogen levels.

1.3.5 Other clotting test components

In addition to the substances described above, there are a number of other active components that can be employed in various types of coagulation monitoring devices. These include monoclonal antibodies binding D-dimer fragments (Adam et al., 2009), reptilase (Johnson et al., 1977), activated coagulation factors, i.e. FXa (Ignjatovic et al., 2007) and Russell viper venom (RVV) (Triplett, 2000).  


1.4 Coagulation assays

The coagulation process can be monitored using tests that measure the time required for clot formation or the rate of coagulation factor generation. The thrombin generation assay (TGA) which monitors the formation of thrombin, enzyme-linked immunosorbent assays (ELISA), i.e. for antiphospholipid antibody determination or plasma TF antigen level measurements (Streif et al., 2000) and fibrinogen level determination tests are only examples of the broad range of coagulation monitoring tests available. There are also several methods of signal detection including visual inspection (i.e. tube-based CT test), fluorescence, colorimetry etc. It should be born in mind that the combination of both the means of coagulation activation and the measurement method has a profound effect on the assay result and as a consequence, standardisation of such tests has proven difficult. Thus, in drawing comparisons between such tests, the emphasis is on the quality of the correlation, rather than on the matching of actual CT values.

Special attention should be paid to anticoagulant therapy monitoring tests, which are frequently used for the determination of CTs and for drug dosage adjustments. Depending on the purpose of a test, the presence of specific chemistries is required, i.e. a mixture of TF and phospholipids (thromboplastin) will trigger the extrinsic pathway of coagulation to give the PT, while a surface activator (e.g., kaolin, celite, ellagic acid, etc.) will initiate whole blood coagulation via the intrinsic pathway (ACT) and in combination with phospholipids (partial thromboplastin) will initiate coagulation of plasma via the intrinsic pathway (aPTT). An excess of thrombin or the presence of specific antibodies is required for the determination of fibrinogen levels, RVV or kaolin for LA detection, while monoclonal antibodies are used in a D-dimer test. 

1.4.1 Clot-based assays

Clot-based assays are often used for the evaluation of patients with suspected bleeding abnormalities and to monitor anticoagulant therapy. The end point for clot-based assays is the formation of a fibrin mesh or a thrombus. This group of assays includes WBCT (Lee-White), ACT, (a)PTT, PT, TCT,  and snake venoms CTs.

Lee-White Whole Blood Clotting Time (WBCT) was historically first attempt of measuring blood coagulation. In 1913 Lee and White described a method of determining the length of time required for a clot to form in a test tube containing venous blood (Lee and White, 1913). It was a rough measure of all intrinsic coagulation factors and the variability in the results were operator-dependent (Estes, 1975). Despite the wide variation and lack of specificity for any coagulation disorder, it is often used to assess the coagulation status during heparin therapy (Murray et al., 1997).

Activated Clotting Time (ACT) test described in 1966 (Hattersley, 1966) was the first bedside system employed to assess coagulation during cardiopulmonary bypass. This test is a modification of the Lee and White WBCT where the negatively-charged surface activator, usually kaolin, celite, glass-beads, or a blend of these materials is used to mimic exposure of the damaged vasculature and as a result accelerates coagulation by activation of the contact pathway. ACT is particularly useful for measuring high dosages of drugs (particularly heparin) administered during major surgery (e.g. percutaneous coronary intervention). ACT has been used for many years to monitor heparin treatment particularly in conditions where heparin concentrations of greater than 1 U/mL were present and it was not possible to accurately evaluate by aPTT (Bull et al., 1975). ACT is currently performed using different automated devices that measure the CT of whole blood samples after contact activation. In particular, ACT has widespread clinical use for cardiopulmonary bypass, interventional cardiology procedures and haemodialysis (Despotis et al., 1999). Typically, whole blood is collected into a tube or cartridge containing an activator and a magnetic stirrer bar. The time taken for a blood sample to clot is measured.(Hirsh and Raschke, 2004, Popma et al., 2004) The reference value for ACT ranges between 70 and 180 seconds. The desirable range for anticoagulation depends on the indication and test method used. During cardiopulmonary bypass surgery, the desired ACT range with heparin may exceed 400 to 500 seconds . Kaolin-based ACT is a current clinical standard of care to monitor the effects of heparinisation both singularly and combined with aprotinin during cardiopulmonary bypass (Ganter et al., 2005). However, there are several limitations to the ACT monitoring of heparinisation. It has been suggested that factors such as patient, operator and equipment can alter ACT. Therefore, ACT prolongation during cardiopulmonary bypass may be associated not only with heparin administration alone, but also with patient hypothermia, inadequacy of specimen warming, haemodilution (Despotis et al., 1994b), quantitative and qualitative platelet abnormalities (Moorehead et al., 1984) or aprotinin infusion (Dalbert et al., 2006). Several modifications of a traditional ACT test have been developed, i.e. MAX-ACT® (Array Medical, Somerville, NJ), which uses a “cocktail” of surface activators: celite, kaolin and glass to maximise the FXII to FXIIa conversion. With total FXII activation prolongation in ACT indicates presence of heparin.

The WBCT was improved by Brinkhous and his research group (Langdell et al., 1953) who generated platelet-free decalcified plasma which could be stored and recalcified prior to analysis as needed. Another modification of Lee-White time was the Partial Thromboplastin Time (PTT) developed by an addition of partial thromboplastin as a crude extract from rabbit brain which served as a substitute for the platelet phospholipid component (Langdell et al., 1953, White, 2003). The PTT did not rely on platelets as a source of phospholipids which decreased the test variability. Proctor and Rappaport combined partial thromboplastin with negatively-charged substances to enhance surface activation of FXII (Proctor and Rapaport, 1961). The activated Partial Thromboplastin Time (aPTT) test is now routinely used for the assessment of intrinsic coagulation pathway disorders and heparin therapy monitoring. It can also be used to quantify coagulation factor deficiencies, including FVIII, FIX, FXI, FXII, prekallikrein and high molecular weight kininogen (HMWK) (Basu et al., 1972, Brandt and Triplett, 1981). As a first step, a citrated plasma sample is incubated with an aPTT reagent containing a surface activator (such as kaolin, celite, ellagic acid, or silica) and a platelet substitute (phospholipids) typically for three minutes at 37(C. The pre-incubation step allows for optimal activation of proteins that constitute the contact system in plasma, such as FXII, FXI, prekallikrein and HMWK (Joseph et al., 2001) and eradicates assay variability originating from the slow onset of the initiation of the intrinsic coagulation cascade. Ca2+ ions are then added to reverse the effect of citrate and the CT is measured. The absence of TF renders the phospholipid component of the assay the “partial thromboplastin”. A typical normal aPTT value ranges between 22 and 40 seconds. However, lab-to-lab variability in aPTT values can also be dependent on the reagent and coagulometer used (Brandt and Triplett, 1981). An aPTT reading may be prolonged with deficiencies of FIX, FVIII, FX, FV, prothrombin or fibrinogen. The presence of specific factor inhibitors that act against distinct proteins involved in the coagulation process and non-specific inhibitors, i.e. LA, that bind to phospholipids can result in an aPTT prolongation (Andreoli, 2000). Generally accepted target value for patients requiring UFH is a ratio of 1.5 – 2.5 of patient aPTT over the control aPTT, which can vary depending on the method and reagent used (Hirsh et al., 1992). With the addition of phospholipids, it is more sensitive to heparin than an ACT. At high heparin concentrations above 1 - 2 U/mL the correlation is non-linear and therefore an aPTT is more appropriate for measuring lower prophylactic doses of heparin (Hirsh, 1991, Oneill et al., 1991). The disparity between aPTT response to high heparin concentrations may be due to an aPTT sensitivity to other coagulation factors (Hull et al., 1986). For instance, elevated fibrinogen or FVIII levels (inflammatory situations) cause shortening of an aPTT value despite of the presence of high heparin levels measured by other quantitative methods like protamine titration or anti-FXa assay (Levine et al., 1994). Recently published study however speculates that this “apparent” heparin resistance could be actually a “genuine” heparin resistance and that at high FVIII levels, higher heparin doses are required to achieve an equivalent anticoagulant effect (Uprichard et al., 2010). There is still controversy over an aPTT test being a good indicator of an anticoagulant effect.  

Prothrombin Time (PT) is widely used for the monitoring of anticoagulant therapy. Prothrombin (FII), is one of several clotting factors produced by the liver whose level is highly dependent upon adequate amounts of vitamin K (Jerkeman et al., 2000). PT measures the presence and activity of five different blood clotting factors: I, II, V, VII, and X and is used for monitoring blood clotting during anticoagulant therapy, such as warfarin therapy (Bates and Weitz, 2005), as well as for general screening of blood clotting properties to assess preoperative bleeding risk and coagulopathies resulting from liver failure, sepsis, and other disorders (Smith et al., 2006). The PT of a plasma sample is measured with the addition of a thromboplastin reagent (containing TF) and Ca2+ to reverse the effect of anticoagulation (typically citrate) used during sample collection. A normal PT can vary depending on the reagent and coagulometer used for testing, but can typically range from 10 to 14 seconds.  
Thrombin Clotting Time (TCT) is a simple, rapid, and clinically useful test performed by adding an excess of thrombin to a plasma sample. Elevated levels of fibrin degradation products, abnormalities in fibrinogen level or structure i.e. dysfibrinogenaemia defined as structural abnormalities in fibrinogen that result in altered functional properties of this protein (Roberts et al., 2001) can cause a prolongation in TCT. TCT is also sensitive to the presence of direct thrombin inhibitors (Aronstam et al., 1978).

Snake venom clotting time assays employ activators isolated from snake venoms. Solutions of snake venoms are commercially available, e.g., Ecarin (Pentapharm Ltd., Basel, Switzerland). The isolation and preparation of the solutions that directly activate prothrombin to meizothrombin, a prothrombin-thrombin intermediate form were previously described  (Hofmann and Bon, 1987, Morita and Iwanaga, 1978). The step of prothrombin to thrombin convertion is inhibited by direct thrombin inhibitors, like hirudin but is not affected by heparin (Potzsch et al., 1997). The ecarin clotting time (ECT) is insensitive to LA and coumadin treatment 


(Casserly et al., 2004, Hafner et al., 2002, Nowak, 2003) ADDIN EN.CITE . RVV directly activates FX in the presence of phospholipids and FV (Triplett, 2000). Dilute Russell viper venom time (dRVVT) is used for the detection of LA and is insensitive to the deficiency in FVIII, FIX and FXI (Asherson, 1996).

1.4.2 Coagulation factor assays

The critical role of thrombin in coagulation led to the development of techniques for quantification of thrombin activity throughout the reaction (Macfarlane and Biggs, 1953). Chromogenic and fluorescent thrombin substrates have been used to monitor thrombin activity in a sample. Depending on the assay design, the Thrombin generation assay (TGA) can provide information on the lag phase indicating the time required for a large-scale thrombin burst, peak thrombin concentration and endogenous thrombin potential (ETP), which determines the free thrombin amount measured from initiation until the return to baseline (Uprichard et al., 2010). TGAs enable quantitative identification of specific coagulation stages leading to the production of a clot i.e. platelet activation occurs at low thrombin concentrations while production of a dense and stable fibrin clots requires high thrombin concentrations generated at high rate (Wolberg, 2007). TGAs allow identification of pro- and anti-coagulant agents and therapeutic targets (Wolberg, 2007). TGA is sensitive to various types of anticoagulation. Heparin, direct FXa inhibitors, direct and indirect thrombin inhibitors prolong the lag phase, reduce peak thrombin concentration and ETP (Jenny and Berntorp, 2010). 
Anti-factor Xa assays are useful for measuring levels of heparin and low-molecular-weight heparin. They measure the ability of heparin-bound antithrombin to inhibit FXa (Francis and Groce, 2004). In the chromogenic anti-FXa assay, FXa cleaves the chromogenic substrate, releasing a coloured compound that can be detected with a spectrophotometer and is directly proportional to the amount of FXa present. In recent years in some institutions, the chromogenic anti-Xa assay has replaced aPTT for UFH monitoring, as it is a direct measure of FXa (Ignjatovic et al., 2007). Commonly used commercially available anti-Xa assays include the Coamatic®, Coatest® and Coacute® from Chromogenix.
The traditional risk factors associated with the development of cardiovascular disease events include age, lack of regular exercising, obesity, smoking, elevated levels of triglycerides and cholesterol (Wannamethee et al., 2004, Kannel, 1987). It has been suggested that increased fibrinogen levels in plasma or blood may provide a mechanism for the risk factors to exert their effect 


(Barasch et al., 1995, Stec et al., 2000, Heinrich et al., 1994) ADDIN EN.CITE . Fibrinogen has been associated with traditional cardiovascular risk factors, but has also been identified as a major independent risk factor as a result of the combination of several fibrinogen properties and actions. 

Fibrinogen determination assays measure the amount of clottable fibrinogen in a plasma or whole blood sample. The most commonly used methods are the Clauss method (Clauss, 1957) and the PT-based derived fibrinogen assay. In the Clauss method, diluted plasma is clotted with an excess of thrombin. High concentrations of thrombin (typically 100 U/mL) are used to ensure that CTs are not limited by the endogenous thrombin concentration. The fibrinogen level is inversely proportional to the time needed for the coagulum to appear. The Clauss method varies greatly due to the source and composition of reagents, as well as the assay protocol. Originally, CT was determined visually and correlated with the fibrinogen content in the sample. Subsequently, several optical and mechanical detection methods have been developed. The use of snake venom as a thrombin-like alternative has also been described. Rampling et al. developed a method of fibrinogen determination using sulphite precipitation (Rampling and Gaffney, 1976). The PT-derived method is not a direct determination of plasma fibrinogen but an estimation of its concentration performed during a clotting process triggered by tissue thromboplastin on automated coagulometers (Chitolie et al., 1994). Although this method is simple and inexpensive, some authors have concluded that the test may be inaccurate, giving misleading results in some disorders (i.e. dysfibrinogenaemia and thrombolytic therapy), and as it lacks standardisation (Llamas et al., 2004), it is not recommended for routine laboratory use. Immunological fibrinogen assays measure protein concentration rather than functional activity. These can be based on ELISA, radial immunodiffusion or electrophoresis. Immunological techniques can be very precise in defining the level of various antigens in a sample. However, they are incapable of distinguishing between active and inactive forms. Some discrepancies between fibrinogen protein detection using immunological method and functional fibrinogen activity assessed by either Clauss or PT-derived methods may occur (Mackie et al., 2003).

1.4.3 Coagulation assay detection systems and devices

There are many automated systems and devices available that perform assays for the determination of the coagulation status of human blood. These devices also employ a range of different transduction methodologies. That is the means by which they convert the specific measure of coagulation into a quantifiable value. Historically, this was initially achieved through monitoring the formation of a physical blood clot. Indeed, visual observation in clotting tubes still remains a “gold standard” test in many situations (Tripodi et al., 2003). Progressively, assays that measure clot formation or the activities of individual coagulation factors, i.e. TGA or the anti-FXa assay using optical, electrochemical, electromagnetic or some other transduction methodology have been implemented. Until recent years, coagulation tests have taken place in the central hospital laboratory. As a result, many coagulation assays have been adapted to operate using standard laboratory instrumentation. For instance, the dominance of instruments employing visible light spectroscopy has seen any tests based on absorbance/transmittance changes, either during clot formation, or due to factor measurement. An example could be the range of ACL® coagulation analysers from Instrumentation Laboratory (IL) that perform a variety of clotting assays by precise measurement of fibrin strand formation. 

The requirements of central laboratory testing are the need to take samples into tubes to prevent coagulation before testing, transportation to the laboratory and reversal of anticoagulation prior to testing. In addition, some assays require additional preparative steps such as plasma separation. Therefore, there has been growing demand for devices that can perform coagulation measurements at or near the patient; so-called point-of-care devices. Venous blood is typically removed at the cubital vein. Central testing generally requires a significant volume draw and requires anticoagulation (e.g., citration). Near patient tests have the potential to remove the requirement for anticoagulation prior to testing, reduce blood draw volume requirements, decrease total test time and change the location of testing from cubital vein to alternate sites. As a consequence, it is advantageous that devices developed at point-of-care should be capable of performing the assay in whole blood rather than plasma. In addition, point-of-care devices typically have to take on the automation of the assay procedure. In so doing, however, it must achieve this in an instrument or device that can be located at or near the patient and must be simpler to operate than its central laboratory alternative. Some examples of current technologies are listed in Table 1.2.

In the Hemochron® device introduced by the International Technidyne Corporation (ITC), a blood sample is collected in a tube containing a magnet that is placed in a receptor at an angle and rotated by a motor. Coagulation assay reagents and recalcification bring about coagulation and as the tube rotates, the blood eventually clots. Before clotting occurs, the magnet remains in position and thus does not lead to the oscillation of an externally applied electromagnetic field. However, upon coagulation, the magnet rotates with the sample, increasing the oscillation of the electromagnetic field, which is defined as the CT. The drawbacks associated with this device include the large blood volume, the collection route through venous blood draw into citrated tubes and transfer to the instrument. Although the instrument is bulky, it has proven very useful in many emergency care situations which require rapid adjustment and control of anticoagulant dosage.

Table 1.2. List of point-of-care coagulation monitoring devices available commercially.

	Name
	Manufacturer
	Format
	Detection method
	Test
	Blood requirements

	Hemochron
	International Technidyne Corporation
	tube containing a magnet
	electromagnetic
	ACT
	Few milliliters

	Hemochron Jr. Signature
	International Technidyne Corporation
	molded microfluidic cartridge
	Optically-detected cessation of the movement
	ACT

PT

aPTT
	Drop of blood

	INRatio
	Hemosense
	laminated, screen printed microfluidic channel
	electrochemical impedance
	PT
	Drop of blood

	iSTAT
	Abbott
	cartridge
	electrochemical current detection
	ACT

PT
	20 – 40 µL

	CoaguChek
	Roche
	Laminated strip
	electrochemical current detection
	PT
	Drop of blood


More recently, ITC introduced the Hemochron Jr. Signature®, Signature+® and Signature Elite® systems, where the coagulation measurement now takes place inside a molded microfluidic cartridge. Blood is again drawn via a venous draw. However, the sample volume was reduced from 2 mL to 15 – 100 μL or a drop of whole blood. The instrument pumps the sample through to make contact with specific coagulation reagents (surface activators for ACT and surface activators and phospholipids for aPTT, thromboplastin for PT and calcium in cartridges intended for use with a citrated sample) and then pumps the mixture through a restriction in the microfluidic channel to bring about mixing, shear and clotting. Optically-detected cessation of the movement of the sample through the restriction is indicative of coagulation. Overall, the platform reduces sample volume and simplifies the assay. However, the requirement for pumping and cost of production of the complex microfluidic devices would be commercial limitations. The ProTime® device is a portable device similar to the Hemochron range but with the possibility of finger prick blood delivery and measures PT using the same mechanical detection approach.

Another device, the INRatio® (Hemosense) monitors the change in electrochemical impedance during the clotting process in a laminated, screen printed microfluidic channel (US6,046,051, US6,060,323, US6,066,504, US6,338,821, US6,673,622). This device only measures whole blood PT using fingerstick and is unable to perform aPTT, presumably due to the associated complexity and speed of the assay. 

Other devices such as those marketed by iSTAT® (Abbott) and CoaguChek® (Roche) use the cessation of movement in a capillary or the release of an electroactive species following thrombin formation which is reported as the CT. However, these devices again either require the complexity of sample pumping and mixing, or are incapable of performing the more complex aPTT assay (US6,750,053, US 2004/0175296).

Detection systems based on the cessation of sample movement use the changes in viscosity brought about by clotting as the measured parameter. The viscosity of normal blood is about three times as great as the viscosity of water and an increased viscosity can be an indicator of coronary heart disease and other cardiovascular-related disorders 


(Marton et al., 2003, Chien, 1987, Kesmarky et al., 2001, Toth et al., 1994) ADDIN EN.CITE . The viscosity of blood is primarily a combination of the plasma viscosity and the haematocrit. The normal value for plasma is 1.10 – 1.30 mPa at 37°C, independent of age and gender (Kesmarky et al., 2008). Plasma is a highly concentrated protein solution, where fibrinogen plays a major role as the main viscosity determinant (Creager, 2006). This soluble protein is converted into insoluble fibrin upon coagulation activation and the formation of thrombin, which reversibly changes the sample viscosity and therefore, its flow/movement characteristics. This change can be used to monitor the onset of clotting or the presence of necessary clot precursors including fibrinogen. 

Devices and associated assays with the ability to more simply and effectively measure the onset of coagulation would be of significant clinical and commercial value. Such improvements would come in the form of automation without instrumentation, reductions in sample volume, and direct measurement on whole blood. With respect to monitoring the impact of anticoagulant drug therapy, assays that improve the precision and dynamic range of such assays would also be of benefit. Such devices also need to be low cost and disposable. Consequently, they need to be mass producible and reproducible.


1.5 Assay device platform development 

Point-of-care biomedical device technology carries with it a design paradigm that must fulfil the requirements set out in the previous paragraph. This paradigm has several critical elements: fabrication, properties, design and reagents. Each of these elements has an influence on the performance of the resulting assay device. Essentially, the fabrication process must be amenable to low cost and high throughput production. Such a blend of requirements has put polymer-based fabrication at the forefront of production technology. Thermoplastics are low cost bulk materials that can be molded and shaped in several ways compatible with mass production, e.g., injection molding and hot embossing. Secondly, the physical properties of such materials must bear compatibility with the assay and device in various ways, for example, it should not affect the detection methodology, or the assay (biocompatibility) and should achieve other essential features such as be a good surface for interaction with aqueous samples. Thus, such materials will either possess such intrinsic properties or undergo additional modification to achieve this. Thirdly, the design of the device is made in such a way as to achieve additional assay properties, for instance, executing assay steps, controlling assay steps in both time and space. Lastly, additional components to the assay include specific reagents capable of inducing appropriate biochemical processes. In this case, the use of reagents to perform various types of coagulation assay has been extensively discussed. The following section will outline features relating to the fabrication, design and behaviour of point-of-care assay platforms.

1.5.1 Materials for coagulation device development

There has been tremendous development in the field of miniaturised fluid handling systems (microfluidic systems) used as tools in the diagnosis of a variety of diseases. Lateral flow assays represent well-established microfluidic technologies. This technology offers several obvious advantages. Lateral flow assays are simple and low cost to manufacture due to their planar configuration. Moreover, they are easy to scale-up, user-friendly and can be performed by minimally trained users. Typically, they have long shelf lives and do not require refrigeration as reagents are deposited in dried form (O’Farrell and Bauer, 2006). Nitrocellulose fibres have been used as a platform for diagnostic testing for over three decades. However, these fibres are natural products resulting in variations in density and fluidic properties, thus highlighting the advantages of synthetic over natural polymers, due to the precise structural and morphological control that can be achieved with synthetic fibres.

Some of the aims of diagnostic device development include miniaturisation, reduced sample volumes, making them more user-friendly and cost-effective, while maintaining a high level of sophistication to enable the retrieval of as much detailed diagnostic information as possible. Polymer devices have the capabilities to meet these demands. Due to the hydrophobic nature of most plastics, surface modification often has to be employed to enable the movement of aqueous solutions within many device channels. A certain degree of hydrophilicity has to be achieved to make it possible to allow movement of a liquid into the test area. The fact that surfaces of different wettabilities and energies result in different biological responses has to be taken into account (Hemmersam et al., 2005).

For use in medical or pharmaceutical fields, specific characteristics are required of polymer substrates. This is generally referred to as “biocompatibility”, which is defined according to the application. Materials biocompatibility is highly dependent on factors such as surface charge, surface free energy, chemical group distribution, porosity, degree of roughness and heterogeneity. “Biomaterial” is a general term for materials used for developing body implants or interfaces and materials that are in contact with any biological substance. Biomaterials are defined as “any nonliving materials used in medical devices intended to interact with biological systems” (Williams, 1987). Commonly used polymeric materials for biological applications are thermoplastics, poly(methyl methacrylate) (PMMA), poly(2-methoxyethylacrylate) (PMEA), nylon, polycarbonate, polytetrafluoroethene (PTFE, Teflon), polypropylene and polyurethanes. 

1.5.2 Cyclic polyolefin substrates

Cyclic polyolefins (COPs) are thermoplastic resins with an excellent combination of optical and electronic properties. In 1983, while working with norbornene polymer, COPs were synthesised from ring-opening polymerisation. After hydrogenation of double bonds in the polymer, a glass-clear plastic was created (Yamazaki, 2004).  High transparency, low specific gravity, low water absorbency, high heat resistance as well as low auto-fluorescence and high UV transmission of this material make it excellent for biomedical applications (Yamazaki, 2004, Bhattacharyya and Klapperich, 2006). Above all, this polymer is chemically inert, which minimises non-specific biological interactions. 

One such COP is marketed by Zeon Corp. under the brand name Zeonor®. This material has been used as the foundation of lateral flow assay technologies. One such technology developed by Åmic AB (Sweden), now Johnson and Johnson/Ortho Clinical Diagnostics Company, has created an ordered array of micropillars to include and control capillary filling forces when liquid samples are applied to the substrate. The material is also highly biocompatible for biomolecular attachment (Fig. 1.3).
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Fig. 1.3. Åmic platform (right) and micropillars within the channel (left) (Jönsson et al., 2008).

1.5.3 Surface modifications

Several materials and coatings have been tested for their blood compatibility and many strategies have been adopted for the synthesis of blood compatible polymers. For instance, surface modification of materials with dextran, maltose, poly(ethylene glycol) (PEG) and similar hydrophilic molecules provides a steric barrier that reduces unwanted protein adsorption (Lee et al., 1998, Kim et al., 2003).  Methods such as incorporation of hydrogels, fluorine, inclusion of anti-platelet agents, attachment of endothelial cells, biological anticoagulants such as heparin (attached to the polymer surface by ionic or covalent bonding (Mollnes et al., 1999, Kim et al., 2000), prostaglandin, urokinase, (Han et al., 1989), coating with albumin, synthetic phospholipids, immobilisation of fibrinolytic agents or plasma deposition are strategies that have been employed to improve the blood compatibility of materials (Miller et al., 2006, Kim et al., 1983). 

Many surface modification methods aimed at surface wettability enhancement have been described. Some treatments tend to increase the surface tension, which is often explained by the formation of new functional groups on the polymer surface (Chan et al., 1996, Nakao et al., 1996). However, some treatment methods cause damage to the surface, which reduces its excellent bulk properties. Moreover, surface wettability may decrease with time, due to contact with air or water (Suzer et al., 1999, Kohler et al., 2001). Therefore, it has been necessary to develop coatings that are water-stable, biocompatible and the modification/hydrophilicity should be stable over time. 

One surface modification technique described in the literature is that of UV/ozone treatment. Ozone oxidation can produce peroxides and hydroperoxides with free radicals, and the immobilisation of functional molecules can be performed under thermal or initiator induction. UV exposure in ozone and air was found to impart a highly hydrophilic nature to the normally hydrophobic polymeric surface 


(Bhurke et al., 2007, Ho et al., 2007, Suh et al., 2001) ADDIN EN.CITE . Flame and corona discharge are other techniques widely used in industry on account of their effectiveness (Martinez-Garcia et al., 2003, Strobel and Lyons, 2003). The mentioned techniques are not without limitations. They are expensive and the operator is exposed to hazardous conditions. 

Another well investigated solution to producing functional layers is the attachment of polymer particles by grafting or plasma polymerisation (Chen et al., 2006, Yasuda, 1985) which gives a stable, hydrophilic layer on the plastic surface. Graft polymers can penetrate or partially penetrate the substrate polymer resulting in a thin surface layer (Loh et al., 1995, Johansson et al., 2002). Several types of plasma treatments have been described 


(Pappas et al., 2006, Morra et al., 1990, Greenwood et al., 1997) ADDIN EN.CITE . Plasma treatments are known to form polymer radicals on the treated surfaces and the changes in surface properties can be easily monitored using contact angle measurements or X-ray photoelectron spectroscopy (XPS) (Vesel et al., 2007).

Depositions performed under a controlled atmosphere such as chemical or physical vapour deposition (CVD, PVD) (Navinsek et al., 1999, de Araujo et al., 2003) are highly versatile techniques that lead to the production of materials with a wide range of properties. They are inexpensive and completely dry surface engineering techniques for the deposition of pin-hole free, organic and inorganic coatings (Prasad et al., 2005). In addition to wettability, hardness, chemical inertness and biocompatibility can also be modified by these plasma processes. The low deposition temperature allows the coating of thermally sensitive substrates such as glass or plastic (Pech et al., 2006). Deposition of metal oxide coatings is a good solution to the enhancement of the chemical and mechanical properties of a material. Films generated by plasma-enhanced chemical vapour deposition (PECVD) offer several advantages over films produced by conventional polymerisation. These thin layers are highly coherent and adherent to a variety of substrate films and may be prepared from monomers not polymerisable by conventional means (Lewis et al., 2000). The cleaning step using inert gases such as argon and helium is usually performed before plasma processing (Wang et al., 2003). SiOx thin films deposited via PECVD from organic monomer vapours containing silicon alone or in a mixture of other gases, such as oxygen (Favia and d'Agostino, 1998), offer several advantages in that they are not only colourless and transparent but are also insoluble, mechanically tough, chemically inert and thermally stable (Leterrier, 2003). These characteristics have resulted in the application of SiOx in biomaterials, microelectronics, food and the medical and pharmaceutical industries 


(Inagaki et al., 2000, Bellel et al., 2006, Bieder et al., 2005) ADDIN EN.CITE . For PECVD deposition of SiOx, the simplest and most commonly used mixtures of gases are oxygen/SiH4 or N2O/SiH4. There are several papers reporting good quality SiOx film deposition in oxygen/SiH4 helicon plasma for different applications 


(Giroultmatlakowski et al., 1994, Kitayama et al., 1995) ADDIN EN.CITE . SiH4 highly diluted in oxygen gas feed was widely used in early studies of SiOx plasma deposition (Adams et al., 1981). However, silane is an explosive gas at RT so its use in an industrial environment requires severe safety regulations. Organosilicones, which are relatively inert liquids at RT may be preferable to silane (Granier et al., 1997). Hexamethyldisiloxane (HMDSO), hexamethyldisilazane (HMDSN), and tetraethoxysilane (TEOS) are the most favourable precursors for SiOx deposition. High oxygen/monomer ratios and high power are the key components for successful deposition of SiOx-like films. However, because of the complexity of such plasma phases, it is very difficult to determine the correlation between the density of species in the plasma phase and the chemical composition of the deposited film for optimisation of the process (Creatore et al., 2001). HMDSO shown in Fig. 1.4 was the choice of precursor for SiOx deposition by PECVD on COP substrate in the work presented here. HMDSO, primarily in liquid form, is the precursor of active species in the coating. 


[image: image5.wmf]Si

O

Si

C

H

3

C

H

3

C

H

3

C

H

3

C

H

3

C

H

3


 Fig. 1.4. Chemical structure of hexamethyldisiloxane (HMDSO).




2.0 MATERIALS AND METHODS
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2.1 Materials

Lateral flow platforms made of COP (Zeonor 1020R®) were the foundation for the coagulation monitoring devices. Plain, flat surface and injection molded by Åmic AB (Uppsala, Sweden) 4Castchips®, model G 1.0 and B 2.2 (Fig. 2.1) were used in the course of assay development, optimisation and validation. Briefly, the desired structures were first fabricated in silicon using a combination of photolithographic and dry etching techniques. The generated nickel disk was used as a mold insert for microstructure production by a compact disk injection molding machine (Jonhson 2003). Dimensions of the micropillar structures in the channels of 4Castchips® were as follows: height: 65 – 70 µm, top diameter: ca 50 µm, bottom diameter: ca 70 µm and cc: 185 x 85 µm (distance between the centres of the pillars in a row: 85 µm; distance between the centres of the pillars in a column: 185 µm). Ready‑to‑use dextran‑coated COP samples were supplied by Åmic. The procedure of coating was described by Jönsson et al. (2008).
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Fig. 2.1. Schematic of the COP Åmic 4Castchips®, G 1.0 and B 2.2 model. Distance in the channels is given in mm.

Normal control plasma (HemosIL 0020003710, Instrumentation Laboratory, Italy/USA), low fibrinogen control plasma (HemosIL 200042-00, Instrumentation Laboratory, Italy), Fib-C reagent (HemosIL 8469110, Italy) and chromogenic thrombin substrate (Chromogenix S-2238), H-D-Phenylalanyl-L-pipecolyl-L-arginine-p-nitroaniline dihydrochloride (Fig. 2.2) were purchased from Instrumentation Laboratory, Italy/USA. Alternative normal control plasma was from MediRox, Sweden (GHI163).
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Fig. 2.2. Chemical structure of H-D-Phenylalanyl-L-pipecolyl-L-arginine-p-nitroaniline dihydrochloride (S-2238).

Greiner BioOne 96-well polystyrene microassay plates (655096) were from Greiner BioOne, Germany. Poly (acrylic acid), PAC (535931), HMDSO at a grade ≥ 98% (205389), NH4Cl (A9434), Tris-HCl pH 8.3 (T3253), PBS (P5368), heparin sodium salt (H0777-100KU), fibrinogen from bovine plasma (F4753), polyethylene glycol sorbitan monolaurate or Polysorbate 20 or Tween 20 (P7949) and octylphenol ethylene oxide condensate or Triton X-100 were purchased from Sigma, USA/Germany. Argon and oxygen at the Premium (high purity) grade of 99.9% were supplier by Air Products Ireland Ltd. Polyethyleneimine (PEI) (21195-U) was purchased from Supelco, USA and aqueous food dye solutions from Goodall's, Ireland. Pressure-Sensitive Adhesive (PSA) (AR8890) was from Adhesives Research, Ireland. Following aPTT reagents were used: aPTT-SP (0020006300), SynthASIL (0020006800) and aPTT lyophilized silica (0008468710) (HemosIL) from Instrumentation Laboratory, Italy/USA, Cephalinex (101162) from BioData, USA, Platelin LS (Bx252161) from BioMerieux, France, C.K. Prest 2 (00598) from Stago Diagnostica, Ireland, Dapttin (5035060) from Technoclone, United Kingdom, Alexin (A1801), Alexin-HS (A0969), TriniCLOT aPTT S (T1201) and TriniCLOT aPTT HS (T1203) from Trinity Biotech, Ireland, aPTT-SA (5388) from Helena BioSciences, United Kingdom and aPTT-P (50320) from Biopool, USA. PT reagent, Dade Innovin (B4212-50) was from Dade Behring. Thrombin time reagent containing a mixture of calcium and purified bovine thrombin at 1 U/mL (CK011K) was purchased from Hyphen BioMed, France. Purified thrombin sourced from Sigma (T6634) was used during assay optimisation while thrombin from Hyphen BioMed (BE102B) was used for assay calibration and validation purposes. 0.025 M CaCl2 (197419-10) was from Instrumentation Laboratory, USA or (100989) from BioData, USA. A human fibrinogen conjugate labelled with Alexa Fluor 488 (Molecular Probes, F-13191) was purchased from Invitrogen, USA. Alexa Fluor 488 (Fig. 2.3) is a green fluorophore with an absorption and fluorescence emission maxima of 496 nm and 520 nm, respectively. The conjugate was prepared by attachment of approx. 15 dye molecules per fibrinogen molecule and purified in order to remove any un-reacted dye (information sourced from: www.probes.invitrogen.com). The 1.5 mg/mL stock solution of conjugate was prepared in 0.1 M sodium bicarbonate pH 8.3 (71631, Sigma, Germany) and stored at -20°C.


[image: image8.wmf]O

S

O

3

-

N

H

2

+

S

O

3

-

N

H

2

C

O

O

-

N

H

O

R


Fig. 2.3. Chemical structure of a fluorescence dye, Alexa Flour 488.  

Normal citrated whole blood obtained from healthy donors and anonymous patient plasma samples were collected into 3.8% (w/v) sodium citrate by the clinical chemistry laboratory in the Linköping University Hospital, Sweden.

The following equipment was used in a course of the research: 13.56 MHz radio frequency (RF) PECVD reactor with an aluminium‑based container (Europlasma, model CD300, Oudenaarde, Ghent, Belgium), spectrophotometer Tecan Infinite M200 (Tecan Group Ltd., Switzerland), optical Zeiss microscope (Axiotech, United Kingdom), fluorescence microscope Olympus IX81 (United Kingdom) equipped with an environmental chamber, heating block, a motorised stage and a digital camera, Hamamatsu Orca ER, the coagulometer Amelung KC4® (Trinity Biotech, Ireland) and the ACLtop® coagulation system  (Instrumentation Laboratory, USA).

2.2 Surface modification

Several forms of surface coating were employed for the modification of COP surfaces. These were oxygen plasma treatment, poly(acrylic acid) (PAC) and polyelectrolyte modification (PE), SiOx deposition via plasma-enhanced chemical vapour deposition (PECVD) and dextran modification. 

2.2.1 Oxygen plasma treatment

Plasma, which is similar to gas, is a substance where particles are ionised. It is the most common matter in the universe and is loosely described as an electrically neutral medium of positive and negative particles. Plasma can be created by ‘exciting’ a gas in an electromagnetic field and has been extensively used in the re-engineering of plastic surfaces.

Oxygen plasma treatment was applied before coating with PAC, PE and SiOx as a pre‑treatment step 


(Prasad et al., 2005, Gandhiraman et al., 2009) ADDIN EN.CITE . Samples treated with oxygen plasma alone were also prepared. Prior to treatment, polymer samples were cleaned with isopropanol and rinsed with Millipore water. Oxygen plasma treatment was carried out in a 13.56 MHz radio frequency (RF) PECVD reactor with an aluminium‑based container (Fig. 2.4). The samples were placed on an electrically floating electrode. The chamber was initially pumped down to a base pressure of ≤ 30 mTorr. Once this level was achieved, a 3 minutes long process was started with a supply of oxygen of 50 – 500 standard cubic centimetres per minute (SCCM) under a RF power of 150 – 500 W (as stated in text). Subsequent modifications were carried out immediately after the oxygen plasma process was completed, as the effect of this treatment is not stable over time, and the created functional groups tend to degrade. 

The variation of plasma ion density and electron temperature as a function of oxygen partial pressure was measured, the detailed description of which is beyond the scope of this thesis. However, a decrease in plasma ion density and electron temperature was observed with increase in oxygen flow and process pressure. The plasma ion density during the oxygen plasma treatment, for this process, was about 8.3 x 109 cm-3 and the electron temperature was about 7.7 eV.

[image: image9.emf]
Fig. 2.4. Schematic diagram of the deposition system, composed of a 13.56 MHz RF power driven capacitively coupled plasma device. The vacuum chamber which is an aluminium-based container consists of a powered (live) electrode separated from the ground chamber by ceramic spacers and a floating potential electrode placed under the powered electrode. RF 13.56 MHz generator is a source of an electrical energy, necessary for the excitation of the gases to a plasma state. The container with liquid precursor is labelled as HMDSO. The pressure in the chamber was measured using a Granville-Phillips gauge. To control the flow of gases, mass flow controllers (MFC) were used. The rotary pump was connected through a port at the bottom of the chamber. 

2.2.2 Poly (acrylic acid) modification

Immediately after oxygen plasma treatment (described above), samples were dipped in 2 mg/mL PAC solution for 10 min. at room temperature (RT) and then washed with water and dried in a stream of dry air.

2.2.3 Polyelectrolyte modification

Oxygen plasma-treated samples were dipped in 2 mg/mL PEI in Millipore water solution for 10 min. at RT, then washed with water, and dipped in 2 mg/mL PAC in water solution for 10 min. at RT and washed again with water. Dipping in PEI and then in PAC solution was repeated once again. Finally, the samples were rinse with water and dried in a stream of dry air.

2.2.4 SiOx deposition
The deposition of SiOx was carried out in a 13.56 MHz RF PECVD reactor following previously described procedure for SiOx deposition on stainless steel by PECVD 


(Prasad et al., 2005, Gandhiraman et al., 2009) ADDIN EN.CITE . Deposition process conditions were modified to achieve the desired film properties on the COP substrate.  The gases necessary for the deposition process (argon, oxygen and the SiOx precursor, HMDSO) were supplied to the deposition chamber via mass flow controllers connected to the chamber. The HMDSO supply lines leading from source to manifold and chamber wall were made of stainless steel and heated to 55°C using a temperature‑controlled heating tape to prevent condensation of the precursor. The operating pressure was 280 mTorr. The substrates were placed on an electrically floating electrode inside the chamber.

Prior to deposition, pre-treatment with oxygen, argon or oxygen/argon plasma was carried out. It has been shown that plasma pre-treatment of a substrate can significantly improve the HMDSO film adhesion to both polymer and metal surfaces (Hegemann et al., 1999, Domingues et al., 2002). Mixtures of oxygen and argon were tested in different ratios. The amount of oxygen supplied was between 0 – 150 sccm and argon between 0 – 134 sccm. The RF power of 150 – 500 W was applied for 3 min. The plasma ion density was 7.69 x 109 cm-3 and the electron temperature was 9.11 eV. After pre-treatment, a SiOx coating step was started in which the precursor, HMDSO reacts with oxygen under a given RF power to create SiOx species deposited onto the sample surface. The argon supply (if used) was, in most cases, cut off after pre-treatment and the mixture of oxygen:HMDSO (50 – 500 sccm : 10 – 15 sccm) was applied for 3 – 30 min. under the RF power of 150 – 500 W. The effect of dilution of argon (0 – 100 sccm) in the deposition step was also tested. The samples were stored under ambient or vacuum conditions. Identical deposition conditions were also used to form films on silicon substrates for physical characterisation of the films using ellipsometry, FT-IR/ATR and AFM.

2.2.5 SiOx coating followed by polyelectrolyte modification

A combination of SiOx coating with PE treatment was tested. SiOx coating was carried out under the following conditions: plasma pre-treatment was performed at an RF power of 250 W and oxygen at 100 sccm for 3 min. and was followed by SiOx coating at an RF power of 250 W, oxygen at 50 sccm and HMDSO at 15 sccm for 15 min. Immediately after coating, samples were modified with PE as described above. 

2.2.6 Drop-cast deposition

The surface of test platforms was coated with a variety of chemistries in order to increase surface hydrophilicity as well as to bring about the clotting activation. Surface chemistry included aPTT reagent, PT reagent, TCT reagent, thrombin, CaCl2, PBS. Combinations of these were also supplemented with surfactant and drop-cast onto the channel within the test platform, left to dry for 1 h to 5 h under ambient conditions and as a result, immobilised through simple physisorption. Ready-to-use test chips were stored at 4°C.


2.3 Physical and biochemical characterisation methods

Several techniques including water contact angle (CA) measurements, atomic force microscopy (AFM), Fourier transform infrared spectrometry (FT-IR) in attenuated mode - attenuated total reflection (ATR) and lateral flow studies were used to monitor the effect of modification on the physical and chemical structure of the substrate. Biological properties of the surface coatings were also investigated. Chromogenic thrombin production measurement was performed to determine the potential impact of the film on the initiation of thrombin generation in plasma. 

2.3.1 Contact angle measurements

The substrate surface wettability was measured using a video-based contact angle analyser (First Ten Angstroms, FTA200) equipped with a manual liquid dispenser and an image processing program to automatically determine the CA values. 3 – 6 data points were taken for each sample. To ascertain the stability of the achieved hydrophilicity/wettability, the contact angles were taken over a period of several weeks. 

2.3.2 Atomic force microscopy

Atomic force microscopy (AFM) imaging was performed under ambient conditions using a commercial microscope (Dimension 3100 equipped with Nanoscope IIIa electronics) in the Tapping ModeTM using standard silicon cantilevers (BudgetSensors, Tap300Al) with a radius of curvature of less than 10 nm, a spring constant of 40 N/m and a resonance frequency of 300 kHz (nominal values). Topographic images were recorded at a scan rate of 1 – 2 Hz. The surface roughness was evaluated using the AFM manufacturer software (NanoscopeIII, V5.12). The image “root mean square” (Rms) calculated in nanometers [nm] was defined as an average of height deviations taken from a mean plane. 4 – 5 different areas of 2 – 3 samples were scanned to get the roughness values. Rms [nm] values were then averaged. 

Samples were also analysed in terms of film thickness. A part of the slide was covered with a tape to protect this area from coating. Following deposition, the tape was removed and the height difference between the SiOx‑coated and plain areas was measured across the shadowed step, which corresponded to film thickness. Values were estimated on the basis of the AFM scans (6 µm x 6 µm) obtained from scanning of four samples.  

2.3.3 Infrared attenuated total reflection spectrometry

Detailed characterisation of the microscopic structure of the SiOx‑coated surfaces was carried out. SiOx film deposited by PECVD on COP samples was analysed by infrared absorption spectroscopy using a FT-IR spectrometer (Perkin Elmer Spectrum GX, FT-IR System) in attenuated total reflection (ATR) mode using a ZnSe crystal under the nitrogen atmosphere to clarify the chemical bonding structures in the SiOx films. The scanning was carried out under 4 cm-1 resolution. 32 scans were performed. 

2.3.4 Chromogenic thrombin assay

A chromogenic measurement of TG was performed to determine the effect of the deposited coating or an activating formulation on the onset of thrombin formation in plasma. Although the assay was not quantitative for thrombin formation, it was indicative of the onset of thrombin burst and could be related to CT values. The onset of TG was determined colourimetrically using the S-2238 thrombin substrate diluted 1:4 in Tris-HCl, pH 8.3. The measurement was based on the difference in absorbance between the formed product, pNA and the substrate. The optical density was determined using a spectrophotometer (Tecan, Infinite M200) at 405 nm. The reaction is as follows:
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 H-D-Phe-Pip-Arg-pNA                          H-D-Phe-Pip-Arg-OH + pNA 

The assay was prepared on 96-well polystyrene microassay plates. Normal citrated human plasma (50 μL) was placed into the wells. The samples were incubated for 15 min at room temperature. 50 μL of the chromogenic substrate, S-2238 was added to the wells, and finally 50 μL of 25 mM CaCl2 was added, which initiates the reaction, overcoming the effect of citrate in the plasma sample. The absorbance was measured every 30 s at the wavelength 405 nm for 70 min at 37°C. Clotting profiles were achieved by plotting absorbance values against time. The lag time (LT) of the profile was taken as the CT. 

For the evaluation of the surface impact on the TG, the base of the plate was modified with the surface of interest. The bottom of a standard 96-well plate was removed and modified with a layer of double-sided PSA. The bottom of each well was then cut away with a scalpel. Flat, non-microstructured surfaces of modified and unmodified substrates as well as glass controls were then attached to the adhesive base of the plate. An additional control assay was performed on a standard, polystyrene base. The reduction in CT was calculated as follows:

% reduction in CT = 100 – (coated COP CT * 100% / control surface CT).

2.3.5 Lateral flow velocity measurements

Aliquots of 15 – 20 μL of an aqueous dye solution or normal control plasma were applied to the substrate sample zones on the device. Video recording allowed measurement of the time required for the liquid to traverse the test channel. The quality of the flow was monitored during video recording.


2.4 Development of lateral flow assay devices

2.4.1 Enhancement of flow by sample supplementation with surfactant

Surfactants were used to decrease the surface tension of a liquid sample and to allow a free fluid flow on a polymer surface. The fill times of control plasmas supplemented with a range of Tween 20 and Triton X-100 concentrations were measured. The effect of a surfactant dilution on the plasma thrombin formation was assessed by chromogenic measurment of thrombin generation (TG) performed following the procedure described in section 2.3.4. 

2.4.2 Standardisation of thrombin activity 

For the development of the fibrinogen determination assay, the thrombin activity was standardised using the so called “tilting tube test” (Hayem 1889, Lee 1913). This is a “gold standard” clinical CT determination technique. Normal control plasma was pre-warmed at 37°C and mixed in a ratio of 9:1 with a diluted thrombin solution in a glass tube. The tube was rocked slowly in a water bath at 37 °C and visually inspected for the appearance of clot formation. Five- and ten-fold diluted thrombin stock solutions (assumed as 10 or 20 U/mL, according to manufacturer) were used to induce clotting of a normal, control plasma sample. Alternatively, chips containing unknown thrombin activity were prepared. The distance travelled by the control plasma was measured and thrombin activity derived from a calibration curve. 

2.4.3 Preparation of abnormal fibrinogen content samples

Abnormal plasma samples were prepared by supplementing normal control plasma and low fibrinogen content control plasma with fibrinogen. Normal control plasma was stated to contain between 2.0 and 4.0 g/L, while low fibrinogen control contained 0.77 to 1.24 g/L fibrinogen (according to manufacturer). These values depend on lot and the quantification method. To obtain low fibrinogen samples it was necessary to replace the plasma part of the sample with fibrinogen-reduced plasma (control low fibrinogen content plasma). The blood sample was centrifuged at 2500 x g for 10 min to separate plasma from red blood cells (RBC). Plasma was either partly or fully (50 – 1100 µL) removed and replaced with exactly the same volume of low fibrinogen content plasma. The RBC content was thus maintained as it is one of the whole blood viscosity determinants and was therefore important to leave it unchanged. The exact fibrinogen concentrations were determined using a routine hospital technique based on the Clauss method, the ACLtop® coagulation system and Fib-C reagent for all normal and abnormal plasma and whole blood samples (analysis was performed according to accredited methods at the Department of Clinical Chemistry, University Hospital, Linköping, Sweden which successfully participates in national and international quality control schemes). 


2.5 Evaluation of aPTT reagents

A panel of aPTT reagents was analysed using the TG measurement, following the procedure described in section 2.3.4. Assays were carried out using 96-well polystyrene microassay plates. Each test well (n=5) contained 50 µL aPTT reagent, 50 µL normal control plasma, 50 µL colorimetric thrombin substrate and 50 µL 25 mM CaCl2. aPTT reagent was pre-incubated with plasma according to manufacturer recommendations. Subsequently, colorimetric substrate and CaCl2 were added. Measurement was started immediately after CaCl2 addition. aPTT reagents were analysed in both liquid and dried forms. In this regard, 50 µL of aPTT reagent were pipetted into the 96-well plates and either analysed immediately or left to dry for 24 h and 14 day under ambient laboratory conditions of temperature and humidity. Under these conditions, the small reagent volume dried in a matter of hours. The dried reagent was reconstituted in 50 µL of water prior to analysis. Thrombin generation profiles for dried reagents at 24 h and 14 days were compared to those for liquid controls. 

A non-activated plasma was used as a control to assess the level of inter-assay variability and as a baseline measurement for overall CT reductions (Lo et al., 2005). For this control 50 µL of water was added instead of aPTT reagent. Addition of CaCl2 to reverse the effect of citrate allowed clotting despite of the absence of an activator. A non-activated control is used to estimate the effect of the aPTT reagents on plasma clotting in a comparison to a non-activated but recalcified plasma. It is also an internal assay performance control. Corn trypsin inhibitor is used to prevent coagulation activation via the intrinsic pathway. It is widely used in investigations of TF-induced clotting and as an addition to negative controls in the monitoring of surface-induced clotting (aPTT) 


(Mann et al., 2007, Dargaud et al., 2010) ADDIN EN.CITE . However, it can be omitted when reduction in clotting times between anti-coagulated and un-anticoagulated samples are measured.
Reagents were analysed in terms of their sensitivity to heparin using spiked plasma samples. It has been shown that the response from ex vivo samples from patients on heparin therapy differs from in vitro plasma samples spiked with heparin (Jespersen et al., 1999, van den Besselaar et al., 1990). However, heparin-spiked samples were used herein for the purpose of a performance comparison between reagents and not for the aPTT clinical reference standardisation. Control plasma was spiked with heparin so that the final concentration in plasma was taken as being between 0 and 2 U/mL, according to manufacturer specifications.

2.5.1 Data analysis

The activity of the aPTT reagents was determined by their ability to induce rapid clotting of control plasma. Assays of TG may take several forms. However, the only parameter considered in the TG assay used here was the LT, which was taken as the time prior to the occurrence of the thrombin burst (observed as a rapid increase in the measured absorbance) followed by the propagation phase (Wolberg, 2007) and was herein referred to as the CT . Other assays such as the endogenous thrombin potential (ETP) measure the full thrombin activity of the sample created over the course of clot formation. However, these assays must take into account the changing kinetics of the enzyme assay under increasingly substrate limiting conditions and are not appropriate to this study (Varadi et al., 2004).
CT values were related to heparin concentration and the resulting correlations provided useful information about the dry and liquid reagent sensitivity to heparin. The slope value was used as an indicator of heparin sensitivity wherein the intercept indicated the normal CT and the R2 parameter the linearity of the correlation. Inter- and intra-assay coefficients of variation (CV) was also determined with n=5 and n=3, respectively. Paired t-tests were performed on liquid, 24 h and 14 days dried samples and statistical significance was determined at the 95% confidence limit.


2.6 Development of a fluorescence-based clot localization assay for monitoring the therapeutic effect of heparin using aPTT

2.6.1 Investigation of clot formation and localisation principle

Fluorescently-labelled fibrinogen has been previously shown to be effective for localising clot formation and investigating platelet activation and subsequent fibrinogen binding (Faraday et al., 1994). For the monitoring of clot formation in the developed system 1.35 or 2.25 μL of labelled fibrinogen stock solution was added to 15 or 25 μL of plasma or whole blood test sample. 15 or 25 μL of 0.025 M CaCl2 solution was then added to reverse the effect of citrate and allow clotting. Immediately after addition of Ca2+ ions, 25 or 50 μL of a test mixture was applied to an aPTT-coated test chip and the measurement was started. Blank control was prepared by replacing the CaCl2 with NH4Cl in order to avoid recalcification, prevent from clotting and to keep the dilution factor constant. A positive control was performed using purified thrombin at a concentration of 1 U/mL to trigger rapid clotting. Citrated control plasma and anonymous donor whole blood were used for assay optimisation purposes. Clot formation was observed under light and fluorescent microscope. The measurement was performed using an optical system consisting of a camera attached to a fluorescent microscope equipped with a climate chamber or heating block and a motorised stage. The fluorescence signal was monitored at the following settings: magnification: 10 x, green filter, exposure time: 21 ms, minimum brightness: 0, maximum brightness: 594 for plasma and 350 for whole blood, ISO: 200, colour control: red 0.1, green 0.7 and blue 3.0. The autofocus function was switched off at all times. The experiment was performed in a dark room at 37 °C or RT. Images were taken every 10 or 30 s for up to 1500 s. Change in the absolute fluorescence signal was monitored. The change in the distribution of the label in the monitored area was also assessed using measurements of standard deviation (SD) of the averaged fluorescence signal. This was calculated in units of SD of a discrete random variable (σ), where the random variable x takes on N values x1,…,xn (which are real numbers) with equal probability calculated as follows:
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 was the mean fluorescence intensity of the values and ([image: image12.png]


) is the deviation from the mean of an individual pixel. An image covering an area of approx. 650 x 820 μm was captured every 10 s at a 10x magnification and at a resolution of 1360 x 1024 pixels (N > 1.3 x 106). The sequence of images was converted into a ‘.avi’ file which was uploaded into the LabView software which calculated the signal SD for each frame. The recorded data was also subject to visual analysis, where necessary. The maximum fluorescence signal detection was set according to the optical limitations of the microscope, while the minimum level of fluorescence signal detected by the camera was varied from 0 to 70 arbitrary fluorescence units (f.u.) in order to select an optimum setting for CT determination in normal clotting and heparinised control plasma.

The effect of evaporation of a standard clotting sample consisting of plasma and CaCl2 at a 1:1 ratio supplemented with fluorescently-labelled fibrinogen (total volume 25 µL) and applied to the microfluidic platform modified with the aPTT-SP reagent was investigated by measuring the percentage loss of a sample mass over a period of 38 min using a standard laboratory scale.

2.6.2 Heparin dosage response and correlation with reference aPTT determination methods

Heparin dosage response in control plasma was investigated using heparin-spiked plasma samples. The results obtained with the developed system were correlated with the coagulometer Amelung KC4®. According to the coagulometer protocol, 50 μL of plasma was incubated with dried aPTT in coagulometer cuvette for 3 min at 37°C. The aPTT measurement started with an addition of 50 μL 0.025 M CaCl2. Additionally, results were correlated with routine hospital aPTT determination method using the ACLtop® coagulation system, where a change in the light transmittance during clotting of a plasma sample activated with aPTT reagent was measured (clotting method). Testing was performed according to the standardised procedure at the Linköping Hospital, Sweden.




3.0 EVALUATION OF SURFACE MODIFICATION TECHNIQUES FOR BIOASSAY PLATFORM DEVELOPMENT 
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3.1 Introduction

The 4Castchips® produced by Åmic (Sweden) are COP (Zeonor®) micropillar platforms with the potential to be used in a range of possible biomedical device applications and were in this work being considered as a potential lateral flow platform for blood coagulation monitoring assays. The controlled, uniform flow of fluid sample within the micropillar structure channel was an essential condition of a functional open lateral flow platform. The blank COP chips supplied by Åmic were extremely hydrophobic with contact angles of 103 ±1.0° (determined by contact angle measurement). Thus, some form of surface modification had to be applied to facilitate the fluid movement. Several types of polymer surface treatments are available in the literature (see Chapter 1.0). The focus of this work was to create a hydrophilic surface coating that would allow uniform and reproducible flow of a sample liquid (plasma or blood) along a modified channel. Several types of surface treatment methodologies were tested and optimised including oxygen plasma treatment, PAC, PE, SiOx and dextran coating. Several techniques were used to characterise the resulting surface modification. Contact angle (CA) measurement was used to estimate the surface wettability and its stability over a long period of storage under ambient conditions. Fill times and quality of flow in the modified channels were evaluated. Atomic force microscopy (AFM) allowed a thorough investigation of the surfaces at the nanometre level and led to very informative qualitative and quantitative comparisons between the surfaces. Best performing surface treatment methodologies were selected for further optimisation and evaluation using CA and fill time study. Eventually, SiOx modification was chosen as the most appropriate for coating of the bioassay platform substrate. The chemical composition of this coating was determined by the FT-IR/ATR spectroscopic analysis and the thickness was found using AFM. Biological properties were also monitored. The TG measurment was used for determination of the surface-induced coagulation activation and finally the stability of this property was monitored in time. 

Several advantages of the SiOx coating over the other surface modifications were listed. However, practical limitations to the usability of this coating for the bioassay development were also discussed.

3.2 Surface treatments

No movement of an aqueous-based sample could be achieved on a plain COP surface. Therefore, attempts were focused on modifying COP substrate in order to obtain less water-repelling surface on which lateral flow experiments could be performed. COP surfaces were modified with dextran, oxygen plasma alone and oxygen plasma with subsequent PAC, PE and SiOx deposition or a combination of PE and SiOx. The presence of specific chemical bonds on the tested surface determines its properties, which were thoroughly examined using CA measurement, fill time study, visual evaluation and AFM. The outcomes of the analyses of particular surface modifications are discussed in detail in the following sections with reference to all the measurements made.

Surface wettability is one of the fundamental properties of a solid state determined by surface chemical compositions and surface structures (Cao, 2006). The wettability was determined here by CA measurement. CA measurement is considered an excellent method for estimating the nature of chemical changes occurring on the very outer layer of a substrate resulting from surface modification (Mahlberg et al., 1998). CA determines the surface tension by measuring the attraction or repulsion that the molecules within a water droplet experience towards the surface molecules (Ratner, 1996). When a water droplet is placed on the solid surface the surface tension of a solvent droplet at its interface can be determined and the examined surface exhibits one of the cases: hydrophilicity or hydrophobicity (Neumann and Good, 1979) (Fig. 3.1).  

                              (a)                                                              (b)
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Fig. 3.1. Contact angle measurement performed on (a) hydrophobic and (b) hydrophilic surface.

The wettability of the COP surfaces modified with dextran, oxygen plasma alone and oxygen plasma with subsequent PAC, PE and SiOx deposition or a combination of PE and SiOx was determined 24 h after treatment using CA measurement. To establish the level of deterioration in the surface treatment over time, CA measurements were continued up to 180 days of storage under ambient conditions (Fig. 3.2). 
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Fig. 3.2. Change in contact angle over time measured for oxygen plasma treatment (A), PAC (B), PE (C), SiOx deposited under conditions 1, SiOx-1 (D), SiOx deposited under conditions 2, SiOx-2 (E) and SiOx followed by PE (F).

The filling time experiments were carried out on the modified COP 4Castchips®, model G 1.0 (Fig. 2.1). Channel filling was video recorded to allow the fill time determination (Fig. 3.3) and the assessment of the quality of flow in the modified channels (Fig. 3.4).
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Fig. 3.3. Filling time profiles (n=3); oxygen plasma treatment (A), PAC (B), PE (C), SiOx deposited under conditions 1, SiOx-1 (D), SiOx deposited under conditions 2, SiOx-2 (E) and SiOx followed by PE (F). Triangles, white and black circles indicate repeats of equivalent samples (n=3).
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Fig. 3.4. Filling quality measurements of an aqueous dye solution in channels coated with oxygen plasma, PAC, PE, SiOx-1 and SiOx followed by PE monitored using video recording. The filling process was captured at three different stages, when the liquid front was entering the test channel, in the middle and at the exit. 

Visual evaluation revealed some imperfection in some of the coatings, which were likely to interfere with the channel filing process (Fig. 3.5). More in-depth analysis of the unmodified and the modified surfaces morphology at the nanometre level was performed using AFM. AFM is a technique in which a three-dimensional image of the surface topography is created by probing the surface of a sample with a sharp tip (Pahk et al., 2000, Giessibl, 2003). It can provide information on the smallest topographical changes created due to modification, while also being non-destructive to the surface (Pahk et al., 2000). From the AFM studies, surface morphology, roughness parameters and the film thickness can be deduced. Qualitative and quantitative comparison between the surfaces was obtained from AFM analysis. Example scan images (Fig. 3.6) and roughness values (Rms) (Fig. 3.7) were retrieved. Plain and coated with oxygen plasma, dextran, PAC, PE, SiOx and SiOx followed by PE surfaces were shown to perform differently in several executed tests, which was further discussed. 
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                   (a)                                          (b)                                            (c)

Fig. 3.5. Images of three COP samples modified with PE (a), SiOx-1 (b) and SiOx followed by PE (c) with circles showing the imperfections in the PE‑coated SiOx surface.

	
              (a) Plain COP             
	                   (b) SiOx
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                     (c) PE
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(d) Oxygen plasma
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	          (e) PAC
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	        (f) SiOx + PE
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Fig. 3.6 (previous page). Tapping mode 3D height and 2D amplitude AFM images of plain COP (a), COP surface coated with SiOx (b), PE (c), oxygen plasma (d), PAC (e), SiOx followed by PE (f) and dextran (g). Size of the scans was 1 µm x 1 µm.
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Fig. 3.7. Surface roughness values measured during atomic force microscopic analysis obtained for plain COP, COP surface coated with dextran, oxygen plasma alone, PAC, PE, SiOx and SiOx followed by PE.

3.2.1 Unmodified polymer

The unmodified COP surface could be described as being very hydrophobic with a water CA of 102.6 ±1.0º. Due to the water repellent nature of the bare COP, it was not possible to perform measurements of fill time and quality on the unmodified surface. However, the surface proved to be rather smooth and uniform at the nanometer length scale as evidenced by AFM (Fig. 3.6 and 3.7). The Rms roughness value obtained was as low as 0.7 ±0.2 nm. 

3.2.2 Modification with dextran

Dextran is a commonly used coating for biomedical devices, as it is said to be hydrophilic, biodegradable and biocompatible 


(Hong et al., 2006, Jagur-Grodzinski, 2006, Lacava et al., 2001) ADDIN EN.CITE . The CA measurement was performed in order to estimate the dextran surface wettability and to be able to compare it to samples modified with other types of treatments. The average water CA of the dextran-modified substrate was 63.4 ±1.0º. The effect of the coating was found to be stable over time with CA values between 62 – 65 º. Due to the relatively high CA, there was also no movement of an aqueous-based solution in the test channel of the dextran-modified chips., Thus, the addition of a surfactant to the text mixture would be necessary to allow sample movement along the channel in a similar manner to unmodified COP. The dextran surface also proved to be the least rough of all tested coatings, with an Rms determined by AFM of 0.4 ( 0.1 nm.  

3.2.3 Modification with oxygen plasma

Oxygen plasma treatment was carried out following the procedure described in Chapter 2 under specified conditions: RF power of 250 W, oxygen supply at 50 sccm and time 3 min. To estimate the wettability brought about by this treatment, the water CA was measured on the day after modification. The obtained CA value of 26.1 ±3.2º indicates that the surface would be considered as very hydrophilic. In order to assess the stability of this highly hydrophilic treatment, the CA measurements were also performed over 180 days. As shown in Fig. 3.2A, the effect of the treatment deteriorated rapidly over time. After a few weeks, the oxygen plasma‑treated surface returned to its hydrophobic state with CAs of above 80º after 50 days of storage. Therefore, additional treatment was necessary if oxygen plasma treatment was to result in a stable, hydrophilic surface. Rapid aging of the oxygen plasma-treated surface is a common  phenomenon which could be explained by diffusion of the polar chemical groups in the polymer substrate or reorientation of these groups towards the bulk of the material to reduce the surface energy (Yun et al., 2004). Filling time experiments with the oxygen plasma-treated surfaces on the day following modification (Fig. 3.3A) showed that the fluid front reached the end of the channel in less than 400 s for all tested samples. The reproducibility of these results suggested that the resulting surface was uniform and devoid of surface imperfections that would interfere with the filling process. Video recording allowed the monitoring of the quality of flow (Fig. 3.4). The flow was rapid, as the surface was very hydrophilic on the day following modification. As studied earlier, the hydrophilic properties deteriorated quickly over time and after only four weeks, there was no movement of liquid due to the increased surface hydrophobicity (CA = 78.4° ±0.3°). AFM study showed that the oxygen plasma treatment did not significantly change the surface roughness in comparison to plain, unmodified COP (Figs. 3.6 and 3.7). The Rms value changed from 0.7 ±0.2 to 0.9 ±0.4 nm. Nonetheless, oxygen plasma treatment yielded an excellent result in terms of surface uniformity and hydrophilicity. However, it was not stable over long periods of time and therefore not suitable for the purposes of this assay, as the changes in surface properties would have a great impact on filling time or distance travelled and interactions with a test sample. For this reason, additional modifications were applied.  
3.2.4 Oxygen plasma with poly (acrylic acid)

COP surface was treated with oxygen plasma and then modified with PAC. CA values of the coated polymer surface was 47.1 ±2.6°. The PAC‑treated surface also showed a significant loss of hydrophilicity over time. However, it was not as dramatic as in the case of the oxygen plasma‑treated surface (Fig. 3.2B). The major increase in hydrophobicity was noted in the first few weeks. After four weeks, the CA value had changed from 47.1 ±2.6° to 62.0 ±2.2° to eventually stabilise at around 70°. Reproducible filling times were achieved. The flow was slower than in the case of the oxygen plasma-treated surface. However, it was still rapid. All tested channels filled within 1300 s (Fig. 3.3B). Unfortunately, as was the case for oxygen plasma‑treated surfaces, the decrease in wettability over time prevented filling experiments being performed a few weeks after modification as the surface became too hydrophobic to allow the movement of fluid. Qualitative and quantitative AFM analysis showed that the PAC coating introduced significant changes into the surface topography (Figs. 3.6 and 3.7). The roughness increased to 3.5 ±0.3 nm. 

3.2.5 Oxygen plasma with polyelectrolyte

Polyelectrolyte (PE) modification was applied directly after the oxygen plasma treatment. CA value measured one day after modification was 34.9 ±5.9°. The effect of the modification also changed significantly over time (Fig. 3.2). The CA value increased from 34.9 ±5.9° to 50.7 ±1.7° after four weeks and further to 66.1 ±9.5° after 27 weeks. What is worth pointing out is that the percentage coefficient of variation (%CV) for CA measurements was quite high (17%). This may be an indication of a lack of uniformity of this surface. Filling time values differed greatly from sample to sample (Fig. 3.3C) with %CVs of more than 100%. Both the CA measurements and the filling time experiments were indicative of a lack of reproducibility. As shown in Fig. 3.4, the quality of filling was very poor, with the liquid front moving intermittently, sometimes leaving dry areas not covered with liquid. Visually, the surface looked similar to the unmodified polymer surface (Fig. 3.5). However, AFM measurement revealed dramatic surface imperfections as illustrated in Fig. 3.6(c). In addition, quantitative measurement showed the PE-treated surfaces to be the roughest of all the tested coatings, with Rms values of 8.5 ±0.8 nm (Fig. 3.7).

3.2.6 Modification with SiOx
Dry SiOx films were deposited using the PECVD technique as described in Chapter 2. The finite oxygen content in the silicon oxide coatings deposited via the PECVD is dependent on the deposition conditions (Deenapanray et al., 2000, Chao et al., 1986). Herein, SiOx indicates that the exact oxygen content was not defined however “x” was assumed to be close to 2. The SiOx process was carried out in two steps: an oxygen plasma pre-treatment and a SiOx coating step in which the precursor, HMDSO, reacts with oxygen under a given RF power. By changing the deposition conditions, SiOx coatings possessing different characteristics could be deposited. COP samples were modified under the following conditions: SiOx‑1 was oxygen plasma‑treated at RF power of 500 W and oxygen at 100 sccm for 3 min and then coated at RF power of 500 W, oxygen at 100 sccm and HMDSO at 15 sccm for 10 min; SiOx‑2 was plasma‑treated at RF power of 150 W and oxygen at 50 sccm for 3 min and coated at RF power of 150 W, oxygen at 50 sccm and HMDSO at 10 sccm for 3 min. In short, SiOx-1 used a high power.

Two of the chips exposed to the high RF power of 500 W (SiOx-1) were melted and burned on the sides. However, the rest stayed visually unchanged. On the day after modification CA values of 35.4 ±2.2° for SiOx-1 and 43.1 ±2.3° for SiOx-2 were obtained. The water CA values measured from day one to week 27 that indicate the stability of the effect of modification over time are showed in Figs. 3.2D and 3.2E for SiOx-1 and SiOx-2, respectively. The initially low CAs increased with time for both SiOx-1 and SiOx-2. However, there was a significant difference in the performance of the two treatments. SiOx-1 remained more hydrophilic than SiOx-2 for the entirety of the monitoring period, stabilising at approx. 60º whereas SiOx-2 stabilised at over 70°. Filling time experiments on chips modified by oxygen plasma and SiOx are compiled in Fig. 3.3D and Fig. 3.3E. In the case of SiOx-2, the flow stopped for all tested samples between 5 and 10 mm and the liquid did not reach the end of the channel. The flow on SiOx-1 chips was slower than on other tested surfaces (oxygen plasma‑treated and PAC-coated). However, the flow profiles were reproducible and the front of the liquid reached the end of the channel in less than 1400 s for all tested samples with %CV of less than 20%. The upward curvature of the filling profiles indicates that the flow velocity was slowing down the further the liquid travelled along the channel, which is in part dependent on the sample volume. At the beginning of the channel, the liquid gets 'a push' from the applied sample volume due to the increased potential energy in the confined droplet. This effect was less significant the further the front of the liquid travelled down the channel as the hydraulic head of the droplet was reduced. In addition, the flowing sample encounters increasing levels of viscous drag due to surface contact. The quality of the flow was significantly better in SiOx-1 than SiOx-2, and the fill times were shorter. The RF power was the factor responsible for the HMDSO precursor decomposition and the amount of the hydrophilic Si-O species generated. High RF power of 500 W, as in the case of SiOx-1, resulted in a very hydrophilic surface, but at the same time some of the samples were overheated, melted and destroyed. This suggested that in order to avoid material damage, the RF power should be reduced. On the other hand, the use of too low a power, such as 150 W, as in the case of SiOx-2, would not bring a satisfying degree of hydrophilicity to allow good fluid dynamics. Therefore, the deposition conditions required further optimisation. The fill quality measurements are presented for the SiOx-1 only, as the flow in SiOx-2-coated channels stopped too early to be worth recording. The fill quality was very good, the liquid front moved continuously and uniformly, in line with the rows of pillars facilitated by the inherent capillary force created (Fig. 3.4). The flow rate was slightly lower than for oxygen plasma and PAC coatings (as shown earlier). The effect of the liquid front moving more quickly along the edges of the channel was not observed. The SiOx-coated surfaces were visually unchanged as exemplified in (Fig. 3.5). There was no significant difference in surface uniformity when analysed by AFM, and so one representative surface scan (Fig. 3.6) and roughness value (Fig. 3.7) are presented here for the SiOx coating. The retrieved Rms value was 1.0 ±0.5 nm, which certainly contributed to the high quality filling performance. 

3.2.7 Polyelectrolyte modification of oxygen plasma and SiOx‑coated samples

Further samples were subjected to combined oxygen plasma, SiOx and PE treatment. The CA of the modified surface was 46.6° ±0.03°. In a similar manner to oxygen plasma‑treated surfaces, the effect of modification deteriorated rapidly over time (Fig. 3.2F). From a relatively hydrophilic one day old surface with a CA of 46.6° ±0.03°, it became hydrophobic with a CA of 80.1° ±6.03° after 120 days. In addition to this, upon visual inspection, the resulting coating was not uniform as illustrated in Fig. 3.5. It appeared that the PE solution dissolved the SiOx layer, and the surface became cloudy, with small coloured particles, possibly consisting of a partially dissolved SiOx layer. As it was expected, the filling times varied significantly from sample to sample. The lack of surface uniformity was to blame for the dramatic variability in the flow time experiments (Fig. 3.3F) and poor quality of channel filling (Fig. 3.4). It could be judged on the basis of the qualitative measurement (Fig. 3.6) that the surface was not uniform in comparison with other tested coatings (only, PE-treated surface performed similarly poorly). AFM analysis confirmed the high roughness of the SiOx + PE-coated surface with an Rms of 7.6 ±0.9 nm (Fig. 3.7). 

Based on the experiments performed, the conclusion was drawn that neither an oxygen plasma treatment alone nor oxygen plasma treatment followed by PAC coating were sufficiently stable in terms of hydrophilicity. The increase in CA with time was rapid and that could influence the experiments carried out on such surfaces. The PE treatment of SiOx‑coated slides was not an ideal solution either, as the surface was not homogeneous and the coating came off in contact with water, which had a huge impact on both reproducibility and quality of flow. Dextran coating was shown to be uniform with stable CA, which however, was not sufficient for achieving free fluid movement without further surface or sample modification. Therefore, the SiOx and PE modifications were selected for more detailed consideration and characterisation.


3.3 Optimisation and repeat characterisation of SiOx and PE-treated surfaces

3.3.1 Optimisation of the SiOx deposition 

As was shown in previous section, the SiOx modification was found to yield stable hydrophilic surfaces allowing uniform and reproducible filling characteristics. However, the modification process required further optimisation to avoid damage to the substrate while maintaining surface performance characteristics. The optimisation of the SiOx deposition process aimed at maintaining the hydrophilic nature of the coating while decreasing a risk of the material damage. Several conditions were tested in order to determine the optimum settings for good film quality. Both RF power as well as the oxygen : HMDSO ratio applied in the deposition process have a defined impact on the adhesion strength of a coating (Prasad et al., 2005). RF power was applied in a wide range and several different ratios of oxygen : HMDSO were tested. The amount of oxygen supplied in the pre-treatment step was between 0 – 150 sccm and argon between 0 – 134 sccm. An RF power between 150 – 500 W was applied, always for 3 min in the pre-treatment step. Following the pre-treatment, a SiOx coating was initiated in which the precursor (HMDSO) reacts with oxygen under a given RF power. The mixture of oxygen : HMDSO (50 – 500 sccm : 10 – 15  sccm) was applied for 3 – 30 min under an RF power between 150 – 500 W. The effect of the dilution of argon (0 – 100 sccm) in the deposition step was also tested. The samples were stored under ambient or vacuum conditions.

It was found that an RF power of 250 W in the pre-treatment step and 300 W in the coating process was optimal to obtain a good quality film and to eliminate the risk of sample damage. Some problems with film adhesion arose during testing. If the film adhesion was not sufficient, the SiOx layer peeled off when in contact with water. The adhesion was improved by changing the deposition conditions, such as the oxygen to HMDSO ratio, oxygen and argon dilution and deposition time. The addition of oxygen in the coating step was essential, as oxygen was necessary to create SiOx species in the presence of HMDSO precursor. The oxygen : HMDSO ratio of 500 : 15 sccm and the deposition time of 10 min was found to be optimum. There has been research carried out to evaluate the effect of argon dilution on the physicochemical properties of a film deposited by PECVD. It has been found that in some cases, the argon addition can be beneficial. Not only does it bring an increased contact area resulting in an excellent adhesion of the coating to the polymer surface, but it is also a good cleaning procedure (Hegemann et al., 1999, Domingues et al., 2002). In spite of these positive effects, the dilution of argon in the deposition mixture would not be recommended, as it may have a negative impact on the quality of the deposited layer. As previously postulated by other research groups, it may be due to argon ion bombardment (Kushner, 1988, Keppner et al., 1996). It was proven that the plasma pre-treatment of the substrate with gases like oxygen and argon can significantly improve the HMDSO film adhesion to both polymer and metal surfaces (Hegemann et al., 1999, Domingues et al., 2002). For these reasons, the mixture of oxygen and argon was tested as well as oxygen dilution on its own. The oxygen dilution in the pre-treatment step was also found to be beneficial in achieving a more hydrophilic surface. The argon dilution in the pre-treatment improved the adhesion strength, as expected. In cases where there was no argon added in the pre-treatment step, the 'peeling off' effect occurred. However, argon dilution in the coating step resulted in a reduced film uniformity and/or film flaking. Therefore, argon supply was excluded from the coating step. 

3.3.2 Comparison study of SiOx and PE-coated surfaces 

Several COP samples (G 1.0) were coated with SiOx and PE at the optimised conditions. Modified surfaces were compared in terms of their wettability and filling properties. The water CA values of coated COP chips were measured on 3, 14, 42, 56 and 77 days after modification. Both types of modification resulted in a decrease of the CA values, which corresponded to an increase in hydrophilicity of the surface. The PE coating with a CA value of 40.9° ±3.3° was slightly more hydrophilic than the SiOx surface with CA = 48.6° ±2.8° at three days after modification. However, following storage for periods of time under ambient conditions, both coatings lost their hydrophilic character, exhibiting similar CA values after several weeks. After 11 weeks, the CA values were 62.2° ±3.6° and 63.6° ±4.5° for SiOx and PE-coated chips, respectively. The variability in CA values between samples treated in the same way was slightly greater for the PE treatment than for the SiOx coating.

Filling time experiments were carried out at 3, 11 and 14 days after modification (Fig. 3.8). 20 μL aliquots of an aqueous dye solution were applied to the sample zones of the modified chips and the time required for the sample to reach the end of the channel was measured. Additionally averaged fill time values are shown in Fig. 3.9. 
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Fig. 3.8. Aqueous dye solution fill times measured at 3, 11 and 14 days after modification on the channel coated with SiOx (blue bars) and PE (grey bars).

As illustrated in Figs. 3.8 and 3.9, the filling times were not only much shorter, but also less variable for the SiOx coating (fill times between 543 – 1480 s) than for PE (fill times between 423 – 10604 s). Although the CA values for PE‑coated samples were slightly lower than for SiOx, which corresponded to higher hydrophilicity of PE coating on the day of each experiment, the filling time results demonstrated that the hydrophilicity was not the only factor determining the filling properties within the modified polymer channels. The large variability in fill times in the case of the PE‑treated samples may be due to film roughness and the lack of uniformity as shown in the previous section. 
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Fig. 3.9. Average fill times for aqueous dye solution on the SiOx and PE-coated surfaces (n=3) measured at 3, 11 and 14 days after modification. Error bars indicate standard deviation.

As discussed before, in terms of the usefulness of the coating for lateral flow assays, both fill time and fill quality and uniformity of flow in the channel are of importance. Therefore, the filling process was monitored in modified channels by video recording. Despite similar wettability of PE and SiOx‑coated surfaces, not only were the filling times different, but also the quality of flow, which was poorer for PE‑coated than for SiOx. The fluid was seen to flow freely within the SiOx‑coated channels filling the micropillar arrays continuously and uniformly, in line with the rows of pillars, while with the PE surfaces it was moving mostly along the edges of the channels and sometimes not covering the whole area of the channel. This effect of PE coating on a manner of the channel filling was observed before (Fig. 3.4).

Both SiOx and PE-treated surfaces were thoroughly investigated and compared. Filling properties were extremely important for reproducibility of the assay performed. In this context, SiOx was shown to be the best performing surface for open lateral flow experiments and this coating was further characterised.

3.4 Characterisation of the SiOx coating

3.4.1 Atomic force microscopy - surface roughness 

The COP surface was modified under the optimal conditions (RF power of 250 W, argon at 50 sccm and oxygen at 50 sccm for 3 min and coating at RF power of 300 W, oxygen at 500 sccm and HMDSO at 15 sccm for 10 min). To demonstrate the changes in a surface morphology induced by subsequent steps of the deposition procedure the AFM study was carried out on plain, oxygen/argon‑treated and finally SiOx-coated surface (Fig. 3.10). The film roughness was measured after each of the process steps of the SiOx deposition procedure (Fig. 3.11). Additionally PE coating roughness was included in as a reference example of very rough surface. 

Plain COP surface was previously shown to be relatively smooth with Rms = 0.7 ±0.2 nm. The oxygen/argon treatment made the surface rougher, the Rms value increased to 1.5 ±0.8 nm. The coating with SiOx decreased the roughness to 1.0 ±0.5 nm. The radical increase in the surface roughness after the oxygen/argon pre-treatment step was probably an effect of heavy argon ion bombardment. However, argon was not excluded from the pre-treatment mixture as its dilution provided good cleaning, which had an impact on the properties of the created film. Argon dilution improved film adhesion and therefore, allowed the formation of a stable, homogeneous, uniform coating. The film homogeneity had a huge impact on the reproducibility of the experiments performed on the created surfaces. The SiOx coating of the argon/oxygen plasma‑treated surface resulted in a surface smoothing. The roughness was not as low as before modification, however, it was reduced significantly in the case of both substrates. The coating with SiOx provided not only a hydrophilic layer, but also made the surface smooth in comparison to very rough PE coating (8.5 ±0.8 nm).
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Fig. 3.10. Tapping mode AFM images obtained for plain, untreated COP surface (a), COP surfaces after oxygen/argon pre-treatment (b) and COP surfaces coated with SiOx (c). 1 μm x 1 μm scans. Left: 3D height image and right: 2D amplitude image.
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Fig. 3.11. Average roughness values (Rms) obtained from AFM analysis for plain, untreated COP (A), oxygen/argon pre-treated COP (B), SiOx‑coated COP (C) and PE‑treated (D) COP samples.  

3.4.2 Atomic force microscopy - coating thickness

AFM study was performed on the SiOx‑coated COP to determine the film thickness. The thickness was measured across the boarder between the modified and unmodified areas. The average thickness was found to be 44.4 ±2.2 nm. Fig. 3.12 illustrates an example scan in 3D and 2D view, where the boarder between the coated and uncoated area can be easily seen. 
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Fig. 3.12. Tapping mode AFM images of the border between SiOx‑coated and non‑coated regions of COP substrate. Left: 3D height image and right: 2D amplitude image.

3.4.3 Infrared attenuated total reflection spectrometry

The SiOx coating was further characterised by FT-IR/ATR. Infrared spectroscopic techniques are very useful in the detailed characterisation of the microscopic structure of SiOx. These techniques are highly sensitive, selective, non-destructive and they can be carried out under ambient conditions (Weldon et al., 1999). The theory and broad application of FT‑IR is described in detail in the literature 


(Griffiths, 2007, Mantsch, 1996, Tolstoy, 2003, Bart, 2005) ADDIN EN.CITE . This quick and sensitive technique employs Fourier transform methods in the acquisition of infrared spectra (intensity of measured infrared radiation plotted against wave number) (Smith, 1996a). Thin films can be effectively characterised in terms of their chemical bonding structures by FT-IR. Many research groups have been using FT-IR as a tool to investigate the process of oxidation (Niwano et al., 1994, Watanabe, 1998). FT-IR spectroscopy analyses the interaction of infrared (IR) radiation within a sample (solid, liquid or gas). It measures the frequencies at which the sample absorbs, as well as the intensities of these absorptions. Determining these frequencies, it allows identification of the sample's chemical make-up, since chemical functional groups are known to absorb radiation at specific frequencies. The intensity of the absorption is related to the concentration of the component. Intensity and frequency of sample absorption are depicted in a two-dimensional plot called a spectrum. For a pure compound, this plot is like a molecular fingerprint because of its unique characteristics. Intensity is generally reported in terms of absorbance (light absorbed by a sample), or percent transmittance (light that passes through it). Frequency is usually reported in terms of wave number or in length unit. Infrared (IR) electromagnetic radiations are located in the middle of the [visible (higher energy) – microwave (lower energy)] region, and is commonly divided in three zones: 
Near IR (3,600 - 12,800 cm-1) - Mid IR (200 - 3,600 cm-1) - Far IR (10 -200 cm-1). 

To establish the presence of Si-O- bonding on the COP surface modified by PECVD, the surface was analysed by FT-IR in ATR mode. ATR is a highly sensitive method for the investigation of different surfaces and what is of importance in this case for characterising oxide films (Nagai and Hashimoto, 2001, Mink et al., 1997). This selective and non-destructive method can be carried out under ambient conditions and was shown to be appropriate for characterising silicon-based coatings 


(Weldon et al., 1999, Watanabe, 1998, Nagai and Hashimoto, 2001, Mink et al., 1997) ADDIN EN.CITE . The theory behind ATR and applications are well described (Mirabella, 1993). SiOx‑coated and plain COP surface were analysed (Fig. 3.13). 
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Fig. 3.13. Absorbance FT-IR/ATR spectrum of plain (black line) and SiOx-coated (red line) COP. Particular peaks with corresponding wavelengths indicate the presence of bindings characteristic for the polymer substrate and SiOx coating.

The FT-IR/ATR spectra show various vibrations in two different regions: 3500 – 2800 cm-1 and 1500 – 750 cm-1. The peaks were attributed based on the handbook of Socrates (Socrates, 2004). A broad band between 3750 and 3000 cm-1 in the first region could be fitted with two contributions centred at 3565 and 3292 cm-1, corresponding to isolated and associated Si-OH stretching vibrations (Theil et al., 1989). A peak at 2941 cm-1 was associated with the asymmetric stretching mode vibration of CH3 groups. The peaks at 2914 and 2855 cm-1 could be attributed to asymmetric and symmetric stretching of CH2, respectively. Those peaks arose from the substrate itself, as they appeared on both graphs. In the second region (1500 – 750 cm-1), a peak (due to the substrate) appearing at 1455 cm-1 was associated with C=H bending vibrations of CH2. A peak appearing at 1278 cm-1 corresponded to methyl silyl Si-(CH3)x vibration. The broad band in the 1250 – 980 cm-1 region, could be fitted with four contributions at 1218, 1180, 1131 and 1058 cm-1 attributed to stretching vibration of the Si-R chain, the symmetric stretching of Si-O-Si, the asymmetric stretching vibration of Si-O-C, and stretching vibration of Si-O-Si, respectively. The peak corresponding to Si-OH stretching vibration occurred at 920 cm-1. The peaks at 801 cm-1 corresponded to Si-O-C stretching mode. These data, along with the CA and AFM data, indicate that the surface was efficiently modified with a SiOx layer. 

In conclusion, the optimised SiOx procedure allowed an achievement of approx. 44 nm thick, uniform and smooth hydrophilic surface. Dilution of argon resulted in a good film adhesion and the presence of Si-O species in the obtained coating was proven by FT-IR/ATR. SiOx‑coated COP chip was shown to yield the properties required for a platform potentially useful in open lateral flow bioassays, such as coagulation monitoring devices.


3.5 Silicon oxide as a coagulation activator

3.5.1 Impact of SiOx on clotting time

As outlined in Chapter 1, many clotting assays are based on the measurement of the time taken for a blood sample to form a clot. The time required for a normal control plasma to generate the amount of thrombin capable of clot formation determined by measuring TG (referred here to as the CT) is relatively long, being about 1700 – 3000 s and is also quite lacking in reproducibility due to the unpredictable nature of the activation process (Waldron and Duncan, 1954) which has recently been shown to be a stochastic process (Lo et al., 2005). The method of obtaining the sample of blood and measuring the rate of clotting are not the only factors responsible for the inconsistency in blood CT measurements. The variability is also due to the in vivo effect of exogenous and endogenous factors affecting the circulating blood (Waldron and Duncan, 1954). Normal patient CTs can vary significantly between individuals tested using the same procedure (Bauer, 1999). For coagulation monitoring assays, the test time for normal plasma is made artificially short with greater reproducibility. For such assays, there is a need to provide some form of coagulation activation. As described in Chapter 5 there are many commercially available reagents that successfully reduce the plasma CT through various mechanisms, in both liquid and dry forms. As explained in Chapter 1, the “silica-like” materials (micronized silica, colloidal silica, silicates etc.) and act as activators of the intrinsic pathway. Glass, which is silicon oxide, is accepted as being one of, or the best of these 


(Margolis, 1958, Rapaport et al., 1955, Sharma and Szycher, 1991) ADDIN EN.CITE . It was thus necessary to determine whether SiOx-modified surfaces may exhibit useful properties with regard to clot activation as well as for enhancing lateral flow of aqueous-based samples on COP polymers. The measurement of TG was the technique used to determine the time required for a large-scale thrombin production in plasma in a contact with SiOx‑coated COP; this time was referred in this study to as the CT. TG test was performed on SiOx‑coated COP which has been deposited under the optimal conditions defined in section 3.3.1. Unmodified COP and polystyrene where investigated as control surfaces (Fig. 3.14). Polystyrene has been shown to minimise surface activation (Goncalves et al., 2009, Grunkemeier et al., 1998). Clotting of a sample being in a contact with polystyrene should not be affected; therefore, polystyrene was used here as a reference surface for measuring procoagulant properties of the unmodified and modified COP surface. The base of microtitre plates were modified with plain and SiOx-modified substrates. Citrated human plasma was pipetted into the wells and allowed to incubate before the addition of chromogenic thrombin substrate and CaCl2 which allowed coagulation to proceed. Obtained CT values were reported as the LTs (the time of onset of increase in an absorbance which is associated with the thrombin burst) (Table 3.1). In most assays, corn trypsin inhibitor is added to prevent controls from clotting. However, herein non-activated controls were used as a control to assess the level of inter-assay variability (Lo et al., 2005). CT values of control (non-activated) plasma can vary between experiments performed on multiple occasions. CT values between 1700 – 3000 s were obtained for plasmas from different manufacturers. Batch to batch variability may occur as well. Therefore, the percentage (%) reduction in plasma CT was calculated to enable the reliable comparison of results obtained from different experiments. 
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Fig. 3.14. Change in absorbance over time measured in TG test for SiOx‑coated COP, unmodified COP and polystyrene control. 

Percent reduction in CT takes into account the CT obtained on a control sample as a 100%, so eliminating plasma variability. The percentage reduction in CT of the SiOx-coated and the unmodified COP surfaces was calculated over the blank polystyrene control.

Table 3.1. CT values and % reduction in plasma CT obtained for the SiOx‑coated COP, unmodified COP and polystyrene control. CT values were obtained by calculating LT of the absorbance versus time profiles. 
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Interestingly, the unmodified COP surface exhibited some reduction in CT in comparison to polystyrene. CT obtained for the COP surface was 11.7% shorter than polystyrene CT. The reason for the observed minor clotting inducement remained undefined. However, it could be speculated that the nature of the unmodified COP, namely extreme hydrophobicity, could play a role in the CT reduction. Hydrophobic surfaces tend to attract proteins from the contacting solution (Lvov and Möhwald, 2000). Protein adhesion to hydrophobic surface is mainly attributed to the hydrophobic protein-surface interaction in which protein acts as a surfactant (Shoichet et al., 1998). Fibrinogen is one of the main plasma proteins present at 2 to 4 g/L. Surface adsorption of fibrinogen is known to mediate platelet adhesion to the material via GPIIb/IIIa receptor (Shoichet et al., 1998). Therefore, an enhanced adsorption of the plasma proteins to the hydrophobic surface may cause the conformational change in the protein structure and surface-induced platelet adhesion and coagulation activation (Tóth, 2002). The CA of the microtitre plate bottom made of polystyrene was not measured. However, a water droplet applied to this surface slowly spread aside which indicates hydrophilic nature of polystyrene. The different CTs obtained on COP and polystyrene could be assumed to be associated with wettability of those surfaces. The SiOx coating of COP resulted in a great reduction in plasma CT. CT on SiOx-coated COP surface was 40% shorter than on control polystyrene surface. The SiOx was the most hydrophilic among tested surfaces; therefore the procoagulant property would have to originate from other mechanism than high protein adsorption correlated with platelet activation. Proteins have typically low affinity to hydrophilic surfaces, such as SiOx (Lundstrom and Elwing, 1990). It could be expected that during plasma contact with the surface, the consecutive replacement of proteins temporarily and reversibly bound to the surface may occur, Vroman effect (Vroman and Adams, 1969). Shortly, high concentration plasma proteins such as albumin would be adsorbed initially and then replaced by IgG which has higher affinity for the negatively-charged SiOx surface. These would be subsequently replaced with fibrinogen and eventually with HMWK which would stay bound to the surface due to the highest affinity (Sellborn et al., 2005). Presence of HMWK is required for prekallikrien conversion to kallikrien facilitated by factor XIIa, which is the first step of the intrinsic coagulation pathway (Turgeon, 2005). It has been widely accepted than exposure of human plasma to negatively-charged surfaces like the SiOx initiates surface-dependent contact activation that acts as a trigger of the intrinsic coagulation pathway (Ratnoff, 1966, Griffin, 1978). In order to evaluate the stability of the created coating and its procoagulant property, an ageing study was performed where the impact on CT was monitored using platforms exposed to atmospheric conditions for a period of up to few weeks. 

3.5.2 The effect of SiOx-modified surface ageing

The effect of SiOx coating ageing on its procoagulant properties was studied. Five microscope slide sized COP samples were coated with SiOx and tested at 3 days, 1 week, 2 weeks, 3 weeks and 8 weeks after modification. Unmodified COP, polystyrene and positive control, glass which is known to be a strong coagulation activator (Rapaport et al., 1955, Sharma and Szycher, 1991) were also included. The % reductions in CT obtained for the SiOx-coated samples at 3 days to 8 weeks are compiled in Fig. 3.15.

The SiOx surface presented a low percentage of reduction in CT during the first few days after deposition (approx. 1%) and was still similar after a week (approx. 2%). However, the surface procoagulant properties appeared to improve drastically after two weeks (38% CT reduction). These variations further continuously increased to reach CT reduction values of some 51 – 54% after three to eight weeks, approaching the CT reduction of glass, 66 ±3.6%. These variations in CT reduction seem to correlate with CA variations over time as exposed in Fig. 3.2 and highlight additional but yet undetermined surface changes that appear to enhance the clotting process.  
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Fig. 3.15. Reduction in CT [%] obtained for SiOx‑coated COP samples at 3 days, 1, 2, 3 and 8 weeks after modification. Impact of a positive control, glass on plasma CT is shown as a reference.

How does the surface charge change over time and can it be correlated with the remarkable increase in the procoagulant properties remained unknown. There could be several possible factors responsible for the surface ageing phenomena resulting in increased clotting activation. The surface exposure to atmospheric conditions could result in the change in the chemical composition, i.e. surface oxidation with oxygen particles present in the atmosphere. The surface concentration of oxygen on a material may correlate with contact activation as shown by Grunkemeier at al. (Grunkemeier et al., 1998). Materials containing higher oxygen content were shown to be procoagulant in comparison to these of lower oxygen concentration. The same research group suggests that the contact activation can be highly influenced by a combination of the surface oxygen concentration and the net surface charge, indicating that the negatively charged high oxygen content surfaces are capable of a great contact activation enhancement (Grunkemeier et al., 1998). Taking into consideration these findings, it could be assumed that the enhanced procoagulant properties of the aged SiOx may be contributed to the increased surface oxygen concentration in a combination with a negative charge. However, some impact of the surface wettability cannot be neglected. It has been mentioned earlier that hydrophobic environment facilitates high concentration protein adsorption and platelet adhesion and activation. The effect of modification with hydrophilic layer was deteriorating, the initial CA of approx. 40º increased with time to eventually stabilise at approx. 60º and analogously the procoagulant properties were changing from little impact on the third day after modification to significant reduction in CT at 8 weeks. The superficially insignificant loss in hydrophilicity could have considerably impacted the rate of plasma protein adsorption as well as their surface affinity. It could be then hypothesised that the high reduction in plasma CT could be contributed to the combined effect of a negative charge, decreased hydrophilicity and change in the total surface oxygen concentration.

The SiOx coating on COP shares glass-like properties that can be applied to the development of bioassays which utilise the properties of glass, while benefiting from the high processability of a polymer microfluidic platform. The SiOx coating was shown to bring about the CT reduction similar to glass after few weeks of storage. Therefore, this coating could be utilised as an alternative to conventionally used activators of the intrinsic pathway of coagulation. Traditionally used negatively-charged surface activators like kaolin or celite are insoluble mineral substances. For the development of a point-of-care coagulation monitoring device these need to be incorporated into the test system either in a form of externally added reagents or a dried matrix. Due to their physical properties both automated deposition process and the signal detection based on optical measurement could be disturbed. The developed here SiOx coating of polymer bioassay platform would possibly allow overcoming these problems. COP substrate itself possesses excellent optical and mechanical properties and as shown in this chapter optimised dry coating with colourless SiOx layer results in formation of clear, uniform surface with procoagulant properties. This platform could be exploited as a base for potential clotting monitoring device as long as the optimised storage time is maintained in order to obtain the maximum procoagulant effect.  

The SiOx-coated COP platform proved to be advantageous in several aspects and could be potentially utilised as a base for the development of coagulation monitoring device. However, the coating methodology and the final surface characteristics were not without limitations. Mainly, the deposition procedure was complicated, time-consuming and required the use of an expensive deposition chamber. The number of platforms produced daily was limited to approx. 50. However, one of the most important issues would be the surface tension. Even though it has been shown that the CA remained stable at approx. 60º, the surface might not be hydrophilic enough to allow free, lateral fluid movement. This problem could be possibly overcome by further modification to the platform or to a test sample, which will be outlined in the next chapters. The CT reduction by 51-54% was obtained with the SiOx-coated COP, which would bring about a significant shortening to the total assay time. However, whether the two-fold decrease in the natural plasma CT would meet the requirements of the developed tests was investigated in the next chapter.


3.6 Conclusions

Several techniques were applied to modify the hydrophobic COP polymer surfaces including: dextran coating, treatment with oxygen plasma alone and followed by PAC coating, PE treatment and SiOx deposition and a combination of the last two. Coated surfaces were analysed in terms of surface hydrophilicity by CA measurement. The stability of the resulting surface modifications during storage under ambient conditions was studied. The quality of obtained surface coatings was examined visually as well as investigated using AFM. In-depth AFM study provided an insight into the topographical characteristics of modified surfaces. Qualitative analysis allowed surface roughness calculation. Flow time study allowed determination of the rate and reproducibility of channel filling. Using video recording the quality of filling was assessed. Comparison between different surface modification methods allowed determination of best performing surfaces for use in lateral flow experiments. 

On the basis of these findings, SiOx and PE coatings were selected as the best performing in terms of wettability, stability and flow properties. The optimal conditions for the SiOx deposition were established. Further analysis of SiOx and PE led to the conclusion that SiOx-coated surfaces were superior for lateral flow platform modification due to their stability, uniformity, low surface roughness and excellent lateral flow filling characteristics. Therefore, SiOx coating was further characterised. The film thickness by AFM was found to be ~44 nm and the presence of Si-O bindings was determined spectroscopically using FT-IR/ATR system. It has been shown that polymer surfaces like COP can be successfully modified with SiOx. This silica-like coating was also shown to be a strong promoter of plasma clotting. Dry-deposited, uniform and colourless SiOx coating was shown to be a potential alternative to mineral surface activators, like i.e. kaolin or celite, which are traditionally incorporated into test systems. In such a case, advantages of COP (easy molding, transparency, excellent optical properties etc.) were maintained while having properties of glass surfaces in terms of clotting acceleration. Chips coated with SiOx did not require special post‑modification treatment, and storage under ambient conditions did not significantly affect the film properties.  SiOx‑coated COP chip was shown to yield the properties required for a platform potentially useful in the open lateral flow bioassays, such as coagulation monitoring devices.

Some limitations to SiOx coating from a research laboratory perspective were revealed as to the cost and the time required for a production of large quantities of modified platforms. The surface wettability and ability to reduce plasma CT was also questioned. The usability of this surface for the development of lateral flow coagulation monitoring devices was further investigated in next chapters.





4.0 DEVELOPMENT OF A LATERAL FLOW MICROFLUIDIC DEVICE FOR COAGULATION MONITORING 
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4.1 Introduction

In this chapter, the 4Castchip® (Åmic, Sweden), model B 2.2 was used as the foundation for the evaluation and development of lateral flow assays for coagulation monitoring applications. Development of these assays was based on the assumption that rates of coagulation of a sample would affect its speed or the distance it travels in the lateral flow device. Therefore, a key aim was the achievement of reproducible and defined filling times and/or distance travelled that would allow discrimination between a range of coagulation times. To achieve this, several aspects of the platform had to be optimised including the surface hydrophilicity, coagulation reagent formulation and deposition, lateral flow properties, and device stability. With respect to the surface hydrophilicity, although several approaches were investigated in Chapter 3, none of these were deemed suitable for laboratory experimentation as the method did not allow large numbers of chips to be reproducibly modified and so an alternative method had to be found. Although Åmic manufacture a dextran-modified chip, its flow characteristics were still not suitable. In this regard, the use of surfactants was evaluated for their ability to reduce surface tension and bring about reproducible lateral flow.  

The platform was evaluated for its suitability as the basis of several coagulation assay types including PT, aPTT, TCT and fibrinogen determination. Plasma and whole blood were both evaluated as sample matrices. The assay device was found to be most suited for the determination of fibrinogen. Final assay validation was performed with real patient samples.   


4.2 Effect of surfactant on fill times

Due to the hydrophobic nature of COP (CA ≥ 100°), no movement of an aqueous-based solution was achieved on unmodified surfaces. COP treated with hydrophilic coatings: SiOx and dextran (CA = approx. 60°; SiOx-coated chips stored for 100 days and longer with stabilised CA were used) did not allow fluid movement either. Wetting agents or surface active agents (surfactants) (Rosen, 2004) are commonly used to decrease the surface tension of a liquid and allow it to flow on a hydrophobic surface. They are usually soluble in both organic solvents and water due to their amphiphilic composition in which they contain both hydrophobic “tails” and hydrophilic “head” groups (Myers, 2006). Thus, the ability of a surfactant added to a test blood sample to promote its free movement along the test channel of the lateral flow platform was investigated. The non-ionic surfactants, polyethylene glycol sorbitan monolaurate (Polysorbate 20 or Tween 20) and octylphenol ethylene oxide condensate (Triton X-100) were tested. These act as detergents and emulsifiers and are widely employed in numerous scientific and pharmacological applications due to their stability and low toxicity. Tween 20 (Fig. 4.1a) is a polyoxyethylene derivative of sorbitan monolaurate, and is distinguishable from the other members in the Tween range by the length of the polyoxyethylene chain and the fatty acid ester moiety (Ayorinde 2000). This clear, yellow or yellow-green liquid has a viscosity of 370-430 cps at 25 °C (according to the supplier’s datasheet) and is commonly used as a washing agent in bioassays, as an emulsifying agent for the preparation of stable oil-in-water emulsions and for other applications (Martindale, 1993). Triton X-100 (Fig. 4.1b) is produced from octylphenol polymerised with ethylene oxide. The number “-100” relates only indirectly to the number of ethylene oxide units in the structure. It is a clear or slightly hazy, colourless to light yellow liquid with a viscosity of 240 cps at 25°C (according to the supplier’s datasheet). It is a mild surfactant used for several biological applications including lysing cells, enzyme isolation, protein purification and many others according to the supplier’s data and (Burrell, 1994). 

(a)                                                                         (b)
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Fig. 4.1. Chemical structures of two surfactants (a) Tween 20 and (b) Triton X-100 adopted from the manufacturer’s (Sigma Aldrich) datasheet.

A range of surfactant concentrations were tested in order to achieve free sample movement in a test channel. Concentrations of Tween 20 in plasma (IL) greater than 0.25% (v/v) for dextran-coated and greater than 4% (v/v) for plain surface were shown to allow free and reliable fluid movement along the whole length of the channels. In the case of Triton X-100, concentrations between 0.1 and 0.2% (v/v) in plasma yielded fill times of approx. 120 s on dextran or SiOx-coated COP chips. Higher surfactant concentrations were necessary to achieve flow on unmodified COP channels with 1% (v/v) Triton X-100 in plasma yielding fill times of 40 – 45 s. 


4.3 Effect of surfactant on plasma clotting time

The effect of the surfactants and their concentrations on the clotting behaviour of the plasma samples was investigated using the chromogenic TG measurement. The CT values of the plasma samples supplemented with a range of surfactant were measured following activation of coagulation with aPTT reagent (aPTT-SP or lyophilized silica). 

The impact of 0, 0.1 and 4% (v/v) of Tween 20 in activated and non-activated plasma sample on its clotting ability was investigated (Fig. 4.2).
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Fig. 4.2. The effect of surfactant addition on the thrombin generation profiles of plasma samples activated with aPTT-SP. Activated and non-activated plasma samples were supplemented with 0.1% and 4% (v/v) Tween 20.

The concentrations of Tween 20 required to achieve free sample movement on dextran and unmodified surfaces were previously established to be 0.25 and 4% (v/v), respectively. As shown in Fig. 4.2 even lower concentration, 0.1%, caused a moderate prolongation of the aPTT-activated plasma CT from 256 to 320 s and from 1931 to 1996 s for non-activated plasma. An addition of 4% Tween 20 (v/v) resulted in a significantly prolonged plasma CT to 1222 s for aPTT-activated plasma and 4181 s for non-activated plasma. It has been shown that the Tween 20 concentrations that were established earlier as necessary to achieve a fluid movement on modified or unmodified COP surface would significantly prolong plasma CT. Therefore, the use of Tween 20 would not be recommended.

The impact of a broad range of Triton X-100 concentrations from 0 to 2% (v/v) on plasma CT was also determined by TG measurement. Triton X-100 supplemented plasma was activated with two different reagents, aPTT-SP and lyophilized silica. Fig. 4.3 illustrates the change in absorbance over time during plasma clotting, while Fig. 4.4 compiles the CT values obtained by calculating the point of inflection of the slopes.

Concentrations of 0.1 and 0.2% (v/v) Triton X‑100 had no impact on plasma CT. Obtained CT values were identical to the CT of plasma with no surfactant added, 193 s. At 0.5% (v/v) there was a slightly prolonged CT of 257 s. At concentrations ≥ 1% (v/v), the prolongation in plasma CT was greater in the case of the aPTT-SP-triggered plasma in comparison to the lyophilized silica-treated sample. 2% (v/v) Triton X-100 resulted in significantly prolonged CTs to 1672 s and 966 s for aPTT-SP and lyophilized silica, respectively. As mentioned earlier, 0.1 – 0.2% (v/v) of Triton X-100 in plasma yielded fill times of approx. 120 s on dextran or SiOx-coated COP chips and 1% (v/v) was required to obtain rapid flow on unmodified COP chips. 1% (v/v) Triton X-100 would interfere with plasma CT. Therefore, where rapid channel filling was required with no effect on the CT, treated COP surfaces should be used (hydrophilic SiOx or dextran). Otherwise, if using bare COP chips the impact of surfactant on plasma clotting has to be taken into account. 

It has been shown that addition of Tween 20 and Triton X-100 to plasma has an influence on plasma CT depending on the surfactant type and its concentration. A possible explanation for this could be the interference of the surfactant molecules with the formation of phospholipid vesicles situated at the site of Xa complex formation. The specific quantitative and qualitative organisation of the phospholipid membranes is essential for optimal coagulation activation (Zwaal et al., 1998). Surfactants are known to disrupt the formation of other amphiphilic layers and hence this might lead to a prolonged CT. Tween 20 appeared to have a greater effect than Triton X-100.
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Fig. 4.3. The effect of surfactant addition on the thrombin generation profiles of plasma samples activated with (A) aPTT-SP and (B) lyophilized silica. Plasma samples were supplemented with 0 – 2% (v/v) Triton X-100. Control was non-activated plasma with no surfactant added.
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Fig. 4.4. CT values obtained for plasma (IL) supplemented with 0 to 2% (v/v) Triton X-100 and triggered with (blue) aPTT-SP and (grey) lyophilized silica. Control CT (white) was the value returned for plasma alone.

Surfactant concentrations that enhance the free fluid movement along the channel but do not interfere with CT were established. Triton X-100 proved to be a suitable supplement to coagulation monitoring assays at appropriate concentrations. However, the target fill time had not yet been established. The fill time could be manipulated by varying the surfactant concentration in a test sample. However, the concentration of Triton X-100 that allowed free fluid movement at reasonable flow rate (channel filling in approx. 120 s) while having no negative impact on clotting was determined. This concentration was used as a starting point for the optimisation of the flow time for the coagulation monitoring device. For the purposes of the development of the device based on fill time and/or distance travelled, COP chips modified with dextran were chosen as the most appropriate platform and Triton X-100 at ≤ 0.2% (v/v) was selected as a supplement to the plasma samples to ensure fluid flow. 


4.4 Lateral flow clotting assays

As was already stated, the principle of the lateral flow coagulation assay device development lay in the assumption that an abnormal blood sample would yield a fill time or distance travelled which was different from a normal clotting control. However, at this point, it was not clear whether this assumption would prove to be true, or for which assays and applications it would be appropriate. As with most coagulation assays, the relatively long natural plasma CT is reduced in order to create a rapid and reproducible baseline CT, which is then typically increased by the addition of an anticoagulant or via a deficiency in some other clotting factor. This can be achieved by the addition of different clotting triggers depending on the assay application. For instance, PT reagents can be used to bring about accelerated activation via the extrinsic pathway, which is known to be sensitive to the presence of the vitamin K antagonists such as warfarin. aPTT and ACT assays and associated reagents bring about intrinsic pathway activation, with different sensitivities to thrombin inhibitors such as heparin. Addition of thrombin bypasses both these pathways and directly activates fibrin formation and has the potential to be used to monitor heparin therapy and to measure fibrinogen concentration (Flanders et al., 2003). Several coagulation-based assays were initially screened to determine whether the lateral flow platforms were suitable for their execution. Four tests were screened: the PT, the aPTT, the TCT and fibrinogen concentration determination. To achieve this, appropriate assay reagents were either pre-mixed with plasma samples before application to the lateral flow platform or deposited onto the lateral flow platforms and dried. For the purposes of assay optimisation, dextran-coated or unmodified COP chips were used as discussed earlier (depending on the wettability requirements). 

4.4.1 aPTT assay

Two variations of the aPTT assay were evaluated: 

i) aPTT test following the standard procedure, where the plasma sample was pre-incubated with an optimised mixture of surface activator and phospholipids to allow the activation of the intrinsic coagulation pathway, and 

ii) a one-step assay, where an aPTT formulation was immobilised on the surface and the activation of the intrinsic pathway took place on the test platform as the sample passed over it. 

A normal clotting plasma sample and a PBS control supplemented with 0.1% (v/v) Triton X-100 were pre-incubated with an aPTT reagent (aPTT-SP and aPTT lyophilized silica) for 3 min at 37(C, recalcified and applied to a test strip. The times required for the solutions to reach the end of the channel were measured. The resulting filling time values were similar for both clotting and control samples, being in the range of 35 – 60 s for both aPTT-SP and lyophilized silica. It was hypothesised that the clotting portion of the activated plasma sample might impede or cease its flow at a certain point along the chip in a manner that would allow it to be differentiated from the non-clotting control. However, this did not happen. Sample fluid reached the end of the channel for all tested samples (n=5). Even though clot formation was observed visually, there was still some portion of liquid (serum) remaining, which was not bound within the formed clot, and which went on to fill the channel. This observation is consistent with the classical observation for normal clot formation in plasma in which, following clot initiation, a discrete coagulum results which is surrounded by, and separate from the serum (Fig. 4.5). To work effectively in the lateral flow device, a change in bulk viscosity is required to reduce or cease the sample flow in the channel. However, activation via this route did not result in a distributed formation of the fibrin network and left the viscosity of the serum largely unchanged and free to traverse the chip. 
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Fig. 4.5. Image of a clot formed as a result of triggering control plasma with aPTT-SP and 25 mM CaCl2 at a ratio of 1:1:1 in a 1.5 mL centrifuge tube taken at 100 s after mixing. 

Flow studies were also performed on chips with immobilised aPTT-SP reagent supplemented with 0.1% (v/v) Triton X-100 (addition of surfactant allowed deposition of aPTT reagent in the channel). Plasma samples triggered with CaCl2 were applied and fill times were measured. Coating of the surface with aPTT reagents yielded changed surface properties with significantly improved wettability. As a result, rapid flow was achieved and sample reached the end of the channel within less than a minute. Such a short period of time would not be sufficient to allow onset of the clotting process. Activation via aPTT is typically slower and less reproducible than, for instance activation of the extrinsic pathway via PT due to the nature of the contact activation process. Typically, a three minute pre-incubation period is used with aPTT to eradicate this variable contact activation phase. Although a more distributed initiation of fibrin network formation might be possible via activation across the surface of the lateral flow device, such work was constrained by the availability of only a single chip design. This was not suitable for the rapid flow rates brought about by reagent deposition. However, with further optimisation of channel length and width, an aPTT assay based on this platform may be achievable.

4.4.2 PT assay

As was stated, activation via immobilised aPTT reagent did not bring about coagulation which was rapid enough to counteract the enhanced flow properties induced by reagent deposition or resulted in separation of clot and serum which did not alter flow rate or travel distance. The extrinsic pathway activation via the addition of tissue thromboplastin (PT reagent) is a more rapid means of clot activation, being between 12 – 14 s under standard test conditions (Bauer et al., 1974). PT activation was evaluated for its suitability. Dade Innovin was the reagent of choice which gives a PT of 12.4 s according to the manufacturer. The fill time study was performed where plasma or a PBS control was allowed to pre-mix with a PT reagent and CaCl2 followed by its application to the test chip. However, once again it was not possible to differentiate between the clotting plasma and the control PBS sample on the basis of fill times which were both between 40 – 60 s. Clot formation could be seen visually, but again there was still plenty of liquid (serum) not captured within the clot structure and as a result the clotting solution was moving along the test channel as quickly as the control mixture. 

A mixture of PT reagent (Dade Innovin), 25 mM CaCl2 and 0.1% (v/v) Triton X-100 was immobilised onto the surface of the chips. Additionally, control platforms containing only 25 mM CaCl2 and 0.1% (v/v) Triton X-100 were prepared in order to measure the fill times of non-activated, but recalcified plasmas. Test samples consisted of control plasma or PBS. The observed fill times were rapid, being below 30 s (Table 4.1). It took more than twice as long for plasma to travel through the channel with PT reagent and CaCl2 (29.5 s) than for PBS (11.7 s) on the same surface. Due to the rapid onset of clotting, the amount of free serum was reduced and prolonged fill times were observed as a result. However, it had to be taken into account that the variation in fill times could be a result of differences in viscosity between the samples and controls. Therefore, additional controls were performed where a plasma and PBS sample were applied to the channel with CaCl2. The fill times of these solutions were 17.7 s for plasma, which was 11.8 s shorter than for plasma in PT-coated channel, and 11.3 s for PBS which was similar to its reagent fill time. 

Table 4.1. Flow time values obtained for plasma and PBS tested in channels modified with PT reagent (Dade Innovin) and 25 mM CaCl2 or 25 mM CaCl2 alone supplemented with 0.1% (v/v) Triton X-100 (n=4).

	Test solution
	Deposited reagents

	
	Dade Innovin + CaCl2
	CaCl2

	
	Flow time [s]

	Plasma
	29.5 ±0.6
	17.7 ±1.2

	PBS
	11.7 ±0.6
	11.3 ±1.5


In spite of having achieved differentiation between clotting plasma and non-clotting PBS and between activated (PT + CaCl2) and non-activated (CaCl2) solutions, based on strip fill times, the available time window of 11 to 30 s would be an extremely narrow range in which to measure increases in CT. An increase in the CT would lead to a reduction in the time taken to traverse the lateral flow channel. Any change in CT would have to manifest itself within this time/distance.

As the structure (length and width) of the lateral flow device was not amenable to alteration for the purposes of assay optimisation, an attempt to increase total fill time values was investigated by re-evaluating the surfactant concentrations adopted for reagent deposition. Concentrations of Triton X-100 between 0.002 – 0.2% (v/v) in an active formulation (Dade Innovin and 25 mM CaCl2) were tested. Concentrations of Triton X-100 ( 0.002% (v/v) were too low to adequately wet the surface and facilitate the distributed deposition of the reagent solution within the channel. Therefore, higher surfactant concentrations were added to the PT/CaCl2 mixture deposited in the channels. There was no significant difference in the distance travelled by plasma on the surfaces with varying Triton X-100 concentrations in the PT+CaCl2 mixture. Therefore, it was established that any concentrations above 0.002% (v/v) could be readily used for further experiments. However, no increases in the absolute fill times could be achieved and the difference of 18 s between the normal clotting and non clotting samples would be too narrow to precisely differentiate between the samples of slightly prolonged CT (i.e. patient on different drug dosage).  As is the case for aPTT, a PT assay based on this platform may be achievable with access to alternative designs of the chip which would cater for longer travel and fill times.

4.4.3 TCT assay for heparin concentration determination

In the experiments described earlier, the clotting process was induced via intrinsic (aPTT) or extrinsic (PT) coagulation pathways. These required activation of several factors in the complex coagulation cascade, which eventually leads to the formation of thrombin which is capable of converting fibrinogen to fibrin and to a potential change in sample viscosity. Due to the assay design constraints (test channel dimensions) and the nature of the extrinsic and intrinsic activation that result in different clot structure and fibrin formation rates, the correlation between clotting and time or distance travelled was not adequately achieved for those assays. The use of purified thrombin to directly induce a clot formation and subsequent viscosity change was utilised in the following clot monitoring assay development. Addition of purified thrombin would bypass the coagulation cascade and proceed directly to fibrin formation.

TCT reagent composed of an optimised mixture of purified bovine thrombin (1 U/mL) and calcium has been used for the determination of the effect of anticoagulants in plasma such as heparin (George, 2005, Delorme et al., 1990). TCT reagent is sensitive to low concentrations of heparin in plasma from 0.05 to 0.1 U/mL of UFH with normal TCT of 15 – 25 s according to the manufacturer. 10 μL of TCT reagent supplemented with 0.1% (v/v) Triton X-100 was drop-coated onto the test platforms and dried. 15 μL aliquots of normal plasma and plasmas spiked with 0.2, 0.4 and 2 U/mL of heparin were applied to the test strip and the sample travel time and distance were measured. Regardless of the heparin concentration, all samples travelled 9 – 12 mm in approx. 30 s (n=4). There was no significant difference in the distance travelled or time taken for normal or heparinised samples, which suggests that the system in this form was not suitable for heparin monitoring. Similar fill times and distances travelled obtained for the normal clotting and heparinised plasma could indicate that the flow pattern was determined by the surface properties (lack of surface uniformity, high density of an immobilised protein etc.) rather than by the clotting ability. Once again, an alternative channel design and an optimised surface coating could possibly allow the differentiation between samples of different clotting status determined as the TCT.

A more detailed study was carried out where plasma flow rate was monitored in the channels coated with varying thrombin concentrations between 0 and 10 U/mL. The control channel contained 25 mM CaCl2 (10 μL).  The time taken by 15 μL of citrated plasma sample to reach each of seven steps along the channel: 0, 5, 10, 15, 20, 23 and 27 mm was recorded (Fig. 4.6). 

The correlations between time and distance travelled by a citrated plasma sample exhibited significant differences depending on the concentration of the surface-immobilised thrombin. Channels coated with 1.25 U/mL or less thrombin were filled rapidly in 34 to 38 s and no difference in the time or distance travelled was observed. Particular points along the channels of 0, 5, 10, 15, 20 and 23 mm were reached in approx. 1, 3, 6, 12, 19, 25 s, respectively. Increased fill times were observed with increasing thrombin concentration at 2.5 U/mL and higher. It took 151, 216 and 270 s for a plasma sample to fill the channel with 2.5, 5 and 10 U/mL of thrombin, respectively. The times required for a sample to reach particular points along the channel were also increased for the concentrations of 2.5 U/mL and higher. It could be assumed that the high and uniform thrombin concentrations allowed rapid clotting and therefore, caused a notable and uniform change in the bulk sample viscosity, which resulted in the prolonged fill times and preventing the characteristic separation of coagulum from plasma, as seen earlier. It could be speculated that not only was the onset of clotting different with the increased thrombin concentrations, but also the structure and strength of the fibrin mesh was different, which had a major impact on the plasma sample flow characteristics. The fibrin organisation is also dependent on the availability of its precursor, fibrinogen which is a direct target for the thrombin (Mosesson et al., 2001). Even though it has been shown earlier that the developed system was not suitable for heparin monitoring via TCT, it was further evaluated for its applicability to the fibrinogen content measuring. 

[image: image47.emf]0

25

50

75

100

125

150

175

200

225

250

275

300

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30

Distance travelled [mm]

Fill time [s]

0 U/mL

0.16 U/mL

0.32 U/mL

0.63 U/mL

1.25 U/mL

2.5 U/mL

5 U/mL

10 U/mL


Fig. 4.6. Fill times recorded at 0, 5, 10, 15, 20, 23 and 27 mm for a plasma sample travelling through the channels coated with 0 to 10 U/mL of purified thrombin.

4.4.4 TCT assay for fibrinogen determination 

Fibrinogen is known to be the major plasma protein, being at a concentration between 2 – 4 g/L (Rodak, 2007) and a major determinant of plasma and whole blood viscosity (Creager, 2006). Fibrinogen concentration and related changes in whole blood viscosity, in combination and as separate factors, have been reported to be associated with the risk of cardiovascular heart disease 


(Sweetnam et al., 1996, Yarnell et al., 1991, Danesh et al., 2000, Stone and Thorp, 1985) ADDIN EN.CITE , recurrent stroke (Woodward et al., 2005), myocardial infarction, venous thrombosis 


(Koster et al., 1994, Yarnell et al., 2004) ADDIN EN.CITE , disseminated intravascular coagulation (DIC), systemic fibrinolysis, pancreatitis and severe hepatic dysfunction. Elevated fibrinogen levels are also associated with inflammation, trauma, pregnancy, lifestyle habits including smoking, and certain pre-thrombotic states. Rothwell et al. (2004) showed a linear increase in the risk of recurrent ischemic stroke, acute coronary events, and all ischemic vascular events in association with fibrinogen levels. A fibrinogen plasma level of ≥5.0 g/L increases the thrombosis risk three- to four-fold in comparison to a reference category (<3.0 g/L) (Kamphuisen et al., 1999). Woodward et al. (1998) proved that after adjustment for common risk factors, like age and sex, fibrinogen levels are significantly associated with mortality as a result of cardiovascular events. Lower levels of fibrinogen, even within the reference interval, are associated with increased bleeding in ‘on pump’ thoracic surgery (Karlsson et al., 2008). Treatment for abnormal fibrinogen levels has shown promising results in thoracic surgery (Karlsson et al., 2009). The target fibrinogen level in patients under thrombolytic therapy is >1.0 g/L to minimise the risk of bleeding (O’Shaughnessy, 2007). Accurate and rapid fibrinogen level determination would benefit the optimisation of the thrombolytic drug dosage and improve the process of new thrombolytic drug development.

TCT can also be used for the determination of fibrinogen concentration (Rodak, 2007). Fibrinogen is the direct precursor of insoluble fibrin monomers forming fibrin mesh. Thrombin present at high concentration acts rapidly, cleaving available fibrinogen and allows the formation of a dense, stiff clot composed of thin fibrin fibres (Shah et al., 1985, Weisel and Nagaswami, 1992). Such a clot formation might be suitable to bring about bulk changes in viscosity, and thus, flow times and travel distances. Therefore, the following work focused on utilising the thrombin-modified platforms for the measurement of fibrinogen content in plasma and whole blood. The traditionally used method for fibrinogen determination is the Clauss assay (Clauss, 1957). It is clinically recommended as being the most reliable and commonly used in hospital practice. This test measures the rate of formation of a fibrin clot in plasma by the action of thrombin on fibrinogen, compared to a normal plasma control. The test is performed by adding a standard amount of exogenous thrombin to a platelet poor plasma and measuring the time for a clot to form. It has been used in the diagnosis of disseminated intravascular coagulation and liver disease and is generally performed in the central laboratory. 

The test platforms were coated with 10 μL of a purified bovine thrombin (Biofact) at 25 U/mL supplemented with 0.1% (v/v) Triton X-100. Plasma samples with elevated fibrinogen concentrations were prepared by supplementing control plasma with purified fibrinogen to obtain final concentrations of approximately 5, 7, 9 and 11 g/L of fibrinogen assuming that control plasma contained 3 g/L of fibrinogen. 15 μL of normal and plasma samples with elevated fibrinogen concentrations were applied to the test chips and the relationship between fibrinogen concentration and the distance travelled was monitored (Fig. 4.7). 

The fibrinogen concentration was inversely proportional to the distance travelled on the thrombin-coated chips. The amount of thrombin and its activity remained constant at all times, and therefore, the fibrinogen content was the determinant of the distance travelled. An increased fibrinogen concentration in a sample resulted in rapid clot formation, which could be observed as a cloudy gel-like formation captured at the early stages of the channel. This strong fibrin mesh captured the content of the sample and ceased the flow.

Normal and slightly elevated fibrinogen content samples formed weak, barely visible fibrin meshes, which were not strong enough to rapidly arrest the flow (data not shown). The flow was ceased at 15.7 mm for normal control plasma and at 9.7 mm for 5 g/mL. These two samples could be easily distinguished on the basis of the difference in a distance travelled. However, the difference in the distances travelled by higher fibrinogen content samples (7 – 11 g/mL) was not that remarkable; these reached between 5.3 and 6.7 mm.
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Fig. 4.7. Correlation between plasma fibrinogen content and the distance travelled in thrombin-coated chips (n=3). y = 1.0236 + (43.5151/x), R2 = 0.9966.

Despite the high concentration present on the surface, thrombin still requires at least 6 s to exert its full activity, according to the manufacturer. Within this time period, samples containing high fibrinogen concentrations will still be in their liquid form and will thus be able to travel some distance before being converted into a clot and was prevented from further movement. Additional factors affecting the flow properties of the system are the pushing force originating from the 15 µL sample which is initially deposited and the pulling capillary forces generated by the micropillar array. Such factors might result in difficulty differentiating between samples at very high fibrinogen levels. Nevertheless, abnormal levels of fibrinogen (above 4 g/L) could be easily discerned. The assay exhibited good precision with the highest variation detectable being ±1 mm (±3.7%). Plasma samples with normal fibrinogen levels only travelled approx. 16 mm out of the possible 27 mm. Therefore, there would be still room for the detection of fibrinogen-deficient samples, which is also important for clinical diagnosis of several pathological situations. 

In the screening work performed above it was shown that, depending on the nature of coagulation activation, different clotting patterns could be obtained. Even though clot formation could be observed, it was not always capable of slowing and arresting the flow within the confines of the assay system available. Therefore, the use of purified thrombin to directly induce disseminated clot formation and bring about uniform viscosity changes was utilised. Based on the outcome of the assay screening process, the measurement of fibrinogen concentration via thrombin-coated lateral flow platforms was chosen as the most appropriate assay for further development and optimisation. 


4.5 Development of a lateral flow assay for fibrinogen determination

The principle of an exogenous thrombin-based reagent to induce rapid clot formation and the resulting change in the resistance of the sample to flow was demonstrated to be suitable for measuring elevated levels of fibrinogen in spiked plasma samples. Further development of a lateral flow assay for fibrinogen determination would require the establishment of an assay which would result in the cessation of sample flow within the distance range defined by the chip corresponding to a range of clinically relevant fibrinogen concentrations with appropriate levels of precision, accuracy and correlation with laboratory standards, preferably in whole blood and plasma. 

4.5.1 Optimisation of reagent chemistry formulation

In general terms, the fibrinogen determination assay was based on the same principle as the Clauss method where plasma is clotted with an excess of thrombin to ensure that CTs are not limited by the endogenous thrombin concentration and that the fibrinogen level is inversely proportional to the time needed for the coagulum to appear (CT) (Clauss, 1957). The Clauss method varies greatly due to the source and composition of reagents. The appropriate concentration of thrombin dried onto the test platforms had to be established for both plasma and whole blood. Thrombin concentrations assuring rapid clotting with no interruption to the flow characteristics due to the properties of the protein surface coating had to be determined. Due to the presence of red blood cells and the resulting increased viscosity of whole blood in comparison to plasma (Dintenfass, 1985) sample movement was generally slower in whole blood and therefore, lower thrombin concentrations were used to accommodate greater sample movement. Aliquots of 15 µL normal citrated plasma and citrated plasma supplemented with 5 g/L of fibrinogen and normal whole blood samples were tested in channels coated with 10 μL of 25 – 100 U/mL or 0 – 25 U/mL of thrombin, for plasma and whole blood tests, respectively. The flow characteristics could also be manipulated by sample dilution, which would bring about the change in the sample viscosity and the concentration of the available fibrinogen. This approach was also studied (Table 4.2). In the case of plasma, the highest concentration of deposited thrombin (100 U/mL, which equated to 1 U per strip) resulted in immediate clot formation in the sample application zone (Fig. 4.8). A dense fibrin mesh rapidly captured the entire sample within a clot and prevented any fluid movement. This was the case for samples with both normal and elevated fibrinogen levels. A two-fold dilution of the samples with water allowed the filling of the 100 U/mL coated channel with a difference of 7.4 mm between the distances travelled for normal and elevated (5 g/L fibrinogen supplemented) samples. Fibrin fibre mesh formed from the diluted samples was not capable of a rapid flow cessation, as it happened in the case of non-diluted samples and as a result the diluted samples travelled longer distances. Sample dilution would be an additional pre-analytical step. However, the decrease in thrombin concentration did cause a delay in clot formation and allowed the test sample to travel further before stopping. Ideally, a normal sample should travel a distance of approximately 12 – 20 mm to allow for the detection of samples with high fibrinogen levels with which flow would be stopped within the first few mm of the channel (expected distance traversed between 0 – 11 mm) and low fibrinogen levels (21 – 27 mm). The difference in the distance travelled by the normal versus the fibrinogen-supplemented plasma was around 7 mm for both 25 and 50 U/mL of dried thrombin. However, the distance travelled by the normal sample was 10 mm at 50 U/mL and 15 mm for 25 U/mL. This latter configuration leaves a larger window for the measurement of high fibrinogen levels. In addition, the immobilisation of thrombin at 25 U/mL on the chip surface yielded better quality of flow. From these studies it was determined that the optimal assay conditions were for chips coated with 10 µL of 25 U/mL dried thrombin for the measurement of fibrinogen in plasma samples.

The distances travelled by whole blood in channels coated with the formulation optimised for plasma appeared to be much shorter than for plasma. A normal whole blood sample travelled only 4.7 mm in comparison to approx. 15 mm for the normal plasma sample in a channel containing 25 U/mL of thrombin. To compensate for this, the concentration of thrombin was decreased in order to achieve a longer travel distance for whole blood control samples. Table 4.2 shows the values obtained from the measurement of normal whole blood on platforms coated with thrombin at 0, 5, 10 and 25 U/mL. Due to the increased viscosity of whole blood in comparison to plasma, the distance travelled by normal, citrated whole blood in the channel with no thrombin (no clotting) was only 16.3 mm. Therefore, a concentration of 5 U/mL (9 mm for normal whole blood sample) was taken as being optimal for whole blood testing. 

Table 4.2. The effect of thrombin concentration on the distance travelled by normal and fibrinogen-supplemented (with 5 g/L) plasma and normal whole blood. Chips containing 25 – 100 U/mL or 0 – 25 U/mL thrombin solution were used to test plasma and whole blood, respectively (n=3). Plasma was tested undiluted and diluted 1:1 in water.

[image: image49.wmf]Whole blood

Normal 

Supplemented

Normal 

Supplemented

0

-

-

-

-

16.3 ± 0.6

5

-

-

-

-

9.0 ± 0.0

10

-

-

-

-

6.3 ± 0.6

25

15.0 

± 0.0

8.0 ± 0.0

22.7 ± 0.6

19.3 ± 0.6

4.7 ± 0.6

50

10.0 ± 0.0

3.3 ± 1.5

20.7 ± 0.6

13.3 ± 0.6

-

100

  0.0 ± 0.0

0.0 ± 0.0

15.7 ± 1.2

  8.3 ± 0.6

-

Distance travelled [mm]

Thrombin 

concentration

[U/mL]

Plasma : H

2

O (1:1)

Plasma 


[image: image50.png]



Fig. 4.8. Image of the flow arrestment occurring as a result of the plasma clot formation induced by 100 U/mL of thrombin immobilised on the surface (10 μL).  

4.5.2 Standardisation of thrombin activity

The enzymatic activity of thrombin can vary according to source, batch or even within the same lot. Moreover, it can be influenced by several factors, including storage time and conditions. Deposition of a constant thrombin activity had to be maintained in order to obtain satisfactory reproducibility and to be able to reliably measure fibrinogen content. Therefore, it was necessary to develop a method that would allow quick measurement of thrombin activity. The activity of thrombin (Hyphen BioMed) used for the assay calibration was 100 U/mL after reconstitution, as claimed by the manufacturer and this was adopted as the standard. The normal control plasma CTs were 35 ±1 s and 19 ±1 s for 10 and 20 U/mL of thrombin, respectively, measured using the tilting tube test under ideal conditions of fresh reagent. The activity test could then be performed with any thrombin solution of unknown activity. Once these CT values were obtained, accordingly, the solutions of 25 and 5 U/mL (optimum for fibrinogen measurement in plasma and whole blood, respectively) could be prepared and deposited onto test chips. (Note: those CTs and thrombin activity values were only used for the purpose of assay chemistry standardisation. The thrombin concentrations stated above did not necessarily correlate with literature thrombin activity values or corresponding plasma CTs). As the exact enzymatic activity was unknown, the achievement of a CT of 35 s or 19 s was a way of normalising the thrombin solutions and were here then assumed to equate to 10 and 20 U/mL. An alternative method was to measure the normal plasma distance travelled in a channel coated with thrombin of unknown activity and compare to one with known activity. The thrombin concentration that yielded an identical distance travelled to that of a normal sample (shown in a calibration curve), could be used. Both methods of thrombin activity standardisation were shown to be viable. The first, “gold standard” tilting tube thrombin time measurement was especially useful where there was no limitation on the volume of normal control plasma (at least 300 µL of plasma per measurement). The method was quick and the thrombin concentration could be found within a few minutes. The second method used the actual fibrinogen determination assay system. This required only 15 µL of plasma sample per test. However, reference to the calibration curve and at least a few hours were necessary for preparation of the dried-chemistry test strips. In the following work, the thrombin activity was measured using the tilting tube test and then verified with an estimation of the distance travelled by normal control plasma in a channel coated with a fixed thrombin concentration.

4.5.3 Plasma and whole blood assay calibration

An assay calibration was performed using plasma and whole blood samples containing a broad range of fibrinogen levels. In order to obtain elevated fibrinogen samples, control plasma and normal whole blood obtained from a healthy individual were supplemented with lyophilised fibrinogen. Low fibrinogen content control plasma was ready-to-use reagent, while low fibrinogen content whole blood was prepared by centrifugation and partial or total replacing of a plasma part with an equal volume of the low fibrinogen content control plasma. Exact fibrinogen content was determined using a routine hospital method based on the Clauss assay, the ACLtop® coagulation system and Fib-C reagent. Tables 4.3 and 4.4 illustrate the distances travelled by plasma and whole blood samples, respectively with low, normal and elevated levels of fibrinogen. Separate calibration curves were generated on the basis of 19 plasma and 13 whole blood samples tested on platforms modified with 10 μL of 25 and 5 U/mL of thrombin, respectively (Fig. 4.9). 

From the calibration curves obtained, it would suggest that the fibrinogen concentration in plasma and whole blood appeared to be the major factor dictating the distances travelled by the samples on the thrombin-coated chips. The correlation for plasma samples of  0.97 was significantly better than that for whole blood being 0.80. However, spiked and depleted control plasmas possess a homogeneity not present in the natural population and testing would be required on a range of real patient plasma samples to ensure the validity of the method. The assay sensitivity and descrimination between concentrations of fibrinogen were also better for plasma than for whole blood. Nonetheless, the assay showed excellent potential as both a plasma and whole blood assay, the latter which would significantly simplify any potential clinical test. This assay demonstrated itself to be a valid method for the determination of plasma fibrinogen content between approx. 1 – 7 g/L. Fibrinogen concentations lower than 2 g/L and higher than 4 g/L are considered as abnormal. Therefore, the distance travelled above 21.2 mm and below 13.5 mm has to be considered as an indication of a declined or elevated fibrinogen level, respectively. 

Table 4.3. Distances travelled by plasma samples with a range of fibrinogen concentrations on chips coated with 25 U/mL thrombin reagent (n=3). Fibrinogen concentration determined by routine hospital method, ACLtop® with Fib-C reagent.
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6.97 3.7 0.6 15.7
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Table 4.4. Distances travelled by whole blood samples with a range of fibrinogen concentrations on chips coated with 5 U/mL thrombin reagent (n=3). Fibrinogen concentration determined by routine hospital method, ACLtop® with Fib-C reagent.
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Fig. 4.9. Calibration curves generated using plasma (triangles) and whole blood (squares) samples containing a range of fibrinogen concentrations between 1.03 – 7.55 g/L and 1.56 – 8.86 g/L for plasma and whole blood, respectively (n=3). The linear correlation between the sample fibrinogen content and the distance traversed on the thrombin-coated assay chips was found to be y = -3.8674x + 28.967 and y = -0.9402x + 13.971 for plasma and whole blood, respectively with R2 = 0.965 for plasma and R2 = 0.797 for whole blood. The filled symbols indicate normal calibration samples, while the empty symbols were samples which were depleted or supplemented with fibrinogen. The box indicates the normal fibrinogen range in humans from 2 – 4 g/L.

4.5.4 Analysis of patient samples

It was shown above that the lateral flow assay based on a chip with dried thrombin-based reagent chemistry was a viable method for the determination of a fibrinogen concentration in control plasma and whole blood samples. To further validate the assay, patient samples containing a wide range of fibrinogen concentrations were tested on the optimised assay platform in parallel with the routine hospital laboratory method described above. Table 4.5 summarises the fibrinogen concentrations for 31 patient samples determined by ACLtop®, the distances travelled in the developed system and the derived fibrinogen values based on the calibration curve established above. Since the exact fibrinogen content of those samples was known, it was possible to directly correlate it to the distance travelled and estimate the accuracy of the fibrinogen measurement using the developed technique (Fig. 4.10).
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Fig. 4.10. Determination of fibrinogen content in patient plasma samples using the lateral flow assay device (filled circles) (n=3). Distance traversed was plotted against the concentration of fibrinogen obtained from the routine laboratory method (ACLtop®). The results shown are combined with the calibration data generated in Fig. 4.6 above (empty circles) (y = -3.8674x + 28.967). Patient samples are shown to follow the trend of the calibration samples with an equation: y = -2.8569x + 25.768.

Patient samples (y = -2.8569x + 25.768) followed a similar trend to that of the calibration curve (y = -3.8674x + 28.967) with relatively low variability (R2 = 0.89). Testing of the real patient samples introduced only minor variability in comparison to the uniform control calibration samples where an excellent correlation was obtained (R2 = 0.97). For most tested samples, the deviation in the distance travelled was acceptably low ((1 mm). The maximum CV was 14.8%, but for the majority of tests was below 5%. 

Table 4.5. Distance travelled in thrombin-coated chips was measured for 31 patient plasma samples with identified fibrinogen content (ACLtop®). Using calibration curve equation and the distance travelled, fibrinogen concentrations were re-calculated (n=3). The sample with the value in italics (9.3 g/L fibrinogen) gave an erroneous result. 

	Fibrinogen conc. [g/L] by reference method
	Distance travelled [mm]
	SD
	CV [%]
	Fibrinogen conc. [g/L] by developed method
	SD
	CV [%]

	2.2
	19.0
	0.0
	0.0
	2.6
	0.0
	0.0

	2.2
	22.0
	0.0
	0.0
	1.8
	0.0
	0.0

	2.5
	19.7
	1.5
	7.8
	2.4
	0.4
	16.4

	2.6
	19.7
	0.6
	2.9
	2.4
	0.1
	6.2

	2.7
	17.3
	0.6
	3.3
	3.0
	0.1
	5.0

	2.7
	18.7
	1.5
	8.2
	2.7
	0.4
	14.8

	2.8
	16.3
	0.6
	3.5
	3.3
	0.1
	4.6

	2.9
	17.0
	0.0
	0.0
	3.1
	0.0
	0.0

	2.9
	16.3
	1.2
	7.1
	3.3
	0.3
	9.1

	3.2
	15.3
	2.1
	13.6
	3.5
	0.5
	15.3

	3.4
	14.0
	1.0
	7.1
	3.9
	0.3
	6.7

	3.4
	16.7
	0.6
	3.5
	3.2
	0.1
	4.7

	3.5
	12.7
	0.6
	4.6
	4.2
	0.1
	3.5

	3.8
	13.7
	1.2
	8.4
	4.0
	0.3
	7.5

	3.9
	16.0
	0.0
	0.0
	3.4
	0.0
	0.0

	4.2
	15.0
	0.0
	0.0
	3.6
	0.0
	0.0

	4.2
	15.3
	0.6
	3.8
	3.5
	0.1
	4.2

	4.3
	14.3
	0.6
	4.0
	3.8
	0.1
	3.9

	4.5
	13.3
	0.6
	4.3
	4.0
	0.1
	3.7

	4.8
	11.7
	0.6
	4.9
	3.9
	0.0
	0.0

	4.8
	14.0
	0.0
	0.0
	4.5
	0.1
	3.3

	5.2
	10.0
	0.0
	0.0
	4.9
	0.0
	0.0

	5.2
	10.7
	0.6
	5.4
	4.7
	0.1
	3.2

	5.3
	10.3
	1.5
	14.8
	4.8
	0.4
	8.2

	5.6
	9.0
	1.0
	11.1
	5.2
	0.3
	5.0

	5.6
	8.0
	0.0
	0.0
	5.4
	0.0
	0.0

	5.8
	11.7
	0.6
	4.9
	4.5
	0.1
	3.3

	5.9
	9.0
	1.0
	11.1
	5.2
	0.3
	5.0

	6.2
	9.7
	0.6
	6.0
	5.0
	0.1
	3.0

	7.5
	3.0
	0.0
	0.0
	6.7
	0.0
	0.0

	9.3
	6.4
	0.6
	9.1
	5.9
	0.1
	2.6


From the rate of thrombin action on fibrinogen which dictates the distance travelled, the fibrinogen concentration could be readily deduced. Fibrinogen content was calculated on the basis of the distance travelled, using the following calibration curve equation; y = -3.8674x + 28.967 and related to the values obtained from the routine hospital method in ACLtop®. Fibrinogen concentrations determined by both methods were correlated in Fig 4.11 and 4.12.

Correlation between the fibrinogen values derived by the developed method and the reference method (ACLtop®) was found to be 0.89 (Fig. 4.11). However, the slope was 0.74 and the offset 0.82 showing that the developed method overestimates fibrinogen concentration for reference values below approx. 3 g/L and underestimated fibrinogen concentration at higher values compared to the reference method.
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Fig. 4.11. Correlation of fibrinogen determination by reference method (ACLtop®) with fibrinogen determination by the developed lateral flow method (n=3). The correlation was y = 0.7387x + 0.8271 with a correlation coefficient of 0.89.
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Fig. 4.12. Bland-Altman plot (Bland and Altman, 1986) illustrating increased disparity between the fibrinogen concentrations obtained with the developed assay and the routine method (ACLtop®) as the fibrinogen level increased (field method deviation from reference method). Values close to zero were in agreement with the reference values. The trend line shows that with higher fibrinogen concentration the accuracy of measurement was decreasing. The slope value was -0.2613.

Further analysis using Bland-Altman plots (Fig. 4.12), also shows that the deviation from the reference method increased at higher fibrinogen levels. Elevated fibrinogen concentrations resulted in the shortest distances travelled. The additional variability in the detection of these levels could be caused by the inherent variability introduced by the very short reaction time (manufacturer recommendation suggests at least 6 s reaction time be allowed between the thrombin and the sample) and the short distance measurement with an associated error of approximately ±0.25 mm. Further optimisation of the chip design could improve the test precision for the detection of highly elevated fibrinogen levels. 

An assay precision study was conducted by repeated testing (n=20) of plasma samples with low (1.4), normal (3.1), elevated (3.8) and significantly elevated (6.0 g/L) fibrinogen content (Fig. 4.13). The variation was relatively low for samples with normal, low and elevated fibrinogen content with CVs of less than 10%. The CV for highly elevated samples was higher (24.4%) which indicated a moderate decrease in the assay precision with increased fibrinogen concentrations. However, the variability between particular repeats of this sample was not dramatic. The distance travelled was between 3 – 7 mm. The detection of plasma or blood components in a patient sample is always associated with significant variability due to variations in haemodilution and many other factors. Hence, the variability exhibited here was acceptable. Strongly elevated fibrinogen level, with some variability, could still be measured. For clinical use the need for precision is higher for low concentrations as here, a decrease of 0.5 g/L could trigger the requirement for transfusion in the operating theatre or intensive care. However, a change of even 2 g/L at the high end would most likely not change the treatment and is more an issue of long term management. Thus the assay can be considered appropriate for both elevated and reduced fibrinogen level detection. Due to its speed, simplicity and performance, the format of the assay is suitable for point-of-care settings from the ambulance to the emergency room operating theatre or doctor’s surgery.
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Fig. 4.13. Repeats of plasma samples with low 1.4 g/L (crosses), normal 3.1 g/L (squares), elevated 3.8 g/L (triangles) and significantly elevated 6.0 g/L (circles) fibrinogen concentrations. The distances travelled for all repeats are shown. Horizontal lines indicate the average distances travelled.

4.5.5 Device stability

Platforms coated with the optimised thrombin-based reagent were stored at 4°C for a period of up to 21 days. The distance travelled by plasma samples with different fibrinogen concentrations was measured on days 1, 3, 7, 14 and 21 (Fig. 4.14). There was no significant differences in the distance travelled (25 – 27 mm) by a sample with abnormally low fibrinogen concentration (1.41 g/L), which was insignificantly higher than the expected distance travelled, 23.5 mm, calculated using the calibration curve equation: y = -3.8674x + 28.967. The obtained distance travelled allowed recognition of declined fibrinogen level. Normal fibrinogen content sample (3.04 g/L) travelled 15.7 – 16.7 mm in the first 2 weeks and 18.7 mm on the 3 week old platform. Using the calibration curve equation could be deduced that a sample that travelled 15.7 – 16.7 mm contains 3.2 – 3.4 g/L of fibrinogen, which was within the normal range expected for normal plasma control, while 18.7 mm would be an indicator of decreased fibrinogen level, 2.6 g/L (calculated on the basis of the calibration curve). This suggests that the 21 day old platforms could not be used as this could introduce a false result. Three samples with marginally and significantly elevated fibrinogen content: 4.66, 5.39 and 6.97 g/L were also tested. The following distances travelled were obtained for these samples, respectively: 10.0 – 10.3 mm, 7.7 – 9.7 mm and 3.0 – 3.7 mm on 1 – 14 day old platforms and prolonged distances travelled on 21 day platforms: 11.3 mm, 11.0 mm and 6.0 mm. The results suggest that devices containing immobilised thrombin can be readily stored at 4°C for a period of up to 14 days without any special treatment as there was little statistical difference in the distance travelled by samples throughout this period of storage. The thrombin enzymatic activity appeared to have declined slightly after 3 weeks of storage. In consequence the distances travelled were slightly increased for all tested samples. The use of chips stored for more than 2 weeks may result in an underestimation of the fibrinogen level. Therefore, chips older than 2 weeks were not used for testing. Special storage conditions i.e. decreased or controlled humidity, vacuum conditions or the addition of preservatives and/or lyophilisation of the thrombin immobilised in a chip could be easily employed in order to increase device stability.  
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Fig. 4.14. Storage stability study of thrombin-coated chips and their response in the fibrinogen assay device: 1.41 g/L (diamonds), normal: 3.04 g/L (crosses) and elevated: 4.66 (circles), 5.39 (triangles) and 6.97 g/L (squares) fibrinogen level (n=3).  


4.6 Conclusions

Application of lateral flow microfluidic technology for coagulation monitoring has been shown in this chapter. The hydrophobicity of a polymer platform substrate was overcome by the addition of surfactant to a test sample or to a surface coating mixture. Concentrations of Tween 20 and Triton X-100, in plasma required for the achievement of free fluid flow in test channels were determined. The impact of surfactant addition on plasma clotting ability was evaluated using TG measurement. Triton X-100 was shown to have less impact on plasma clotting than Tween 20. 

The lateral flow platform was screened for its suitability as the foundation of several coagulation tests. The discrimination between normal clotting and non-clotting samples on the basis of a sample filling time or distance travelled was assessed with several coagulation triggers. Test samples were activated by externally added or surface-dried aPTT, PT, TCT reagents and purified thrombin solution. Clotting ability was measured as a mean of the sample fill time/distance travelled. In the cases of the aPTT and PT chemistry the differences in the fill time/distance travelled between samples of varying clotting ability were insignificant and therefore, the differentiation between those would be problematic. It has been shown that depending on the nature of coagulation activation, different clotting patterns could be obtained. Different coagulation triggers can bring about changes in such clot characteristics like fibrin fibre density, structure, strength and elasticity (Blomback et al., 1994, Ferry and Morrison, 1947). The intrinsic and extrinsic activities during coagulation play independent role in thrombin generation and can produce different thrombin generation patterns and different enzymatic activities (Panteleev et al., 2006). Thrombin concentration is a major factor influencing the density of a fibrin mesh and the thickness of the fibrin fibres (Shah et al., 1985). Low thrombin concentrations produce thick and loosely-bound fibrin strands, while high concentrations result in a very dense, stiff network composed of thin fibrin fibres (Shah et al., 1985, Weisel and Nagaswami, 1992). Only low level of thrombin is present in the early stages of coagulation cascade, which is not capable of a rapid generation of a strong clot. Large-scale thrombin burst occurs on the activated platelet surface only as a final step of the common pathway (Monroe et al., 1996). The distances travelled and the fill times in the developed assay were highly dependent on the rate of thrombin generation and its activity, therefore no difference in the flow pattern in the available assay configuration was observed when activating via intrinsic (aPTT) and extrinsic (PT) pathway. The reason for that could be the fact that the extrinsic and intrinsic activation of the coagulation cofactors and platelets leading to the rapid thrombin production is a complex process which can be a source of variability. Even though clot formation was observed visually, the fibrin network was not stiff and dense enough to capture whole or majority of sample content. Therefore, the use of purified thrombin or thrombin in a form of an optimised mixture with calcium (TCT reagent) to directly induce a clot formation and subsequent viscosity change was utilised in the clotting monitoring assay development. TCT for the monitoring of the heparin effect on plasma clotting was not possible in the developed system. No clear differences in the distance travelled by the samples of different CTs were observed. It could be speculated that modifying the channel dimensions would allow coagulation status monitoring via aPTT, PT or TCT. 

Using available platform design, an assay for the determination of the main plasma viscosity determinant and independent cardiovascular disease risk factor, fibrinogen, was developed using highly concentrated thrombin to provoke rapid bulk sample viscosity change. Distances travelled were shown to be strongly associated with the fibrinogen content. The assay conditions including thrombin concentration were optimised and the device was shown to be capable of measuring fibrinogen in whole blood and plasma at physiologically relevant levels. The assay device possessed several advantages over traditional methods including the low sample volume required (15 µL), the absence of any pre-analytical steps including dilution or separation and the speed of the measurement with a result available within 5 min. Both elevated and reduced levels of fibrinogen within the range of 1 to 7 g/L could be detected using the same test platform. The assay was validated by testing patient samples containing normal and abnormal fibrinogen concentrations. Correlation with routinely used Clauss method ACLtop® measurement indicated the viability of the developed assay (R2 = 0.89). Additionally, outstanding assay precision was demonstrated and a platform was shown to be stable for at least 2 weeks of storage at 4°C without special packaging requirements. 

5.0 EVALUATION OF ACTIVATED PARTIAL THROMBOPLASTIN TIME (aPTT) REAGENTS FOR APPLICATION IN BIOMEDICAL DIAGNOSTIC DEVICE DEVELOPMENT
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5.1 Introduction

There has been growing interest in the development of miniaturised, point-of-care diagnostic tests (Khandurina and Guttman, 2002). This need for miniaturised devices in turn, leads to a demand for highly concentrated and optimised formulations of active ingredients capable of inducing rapid responses in low test sample volumes. There are a number of strip-based devices containing active reagent matrices capable of qualitative measurements of a test analyte in a complex body fluid such as whole blood (Carpenter, 2003). Coagulation monitoring devices need to contain high quality, stable and reliable dry formulations that selectively induce clotting processes. In the case of aPTT assays, there are a number of ready-to-use reagent formulations available that could be employed in coagulation monitoring device development. However, a number of studies have identified that aPTT reagents vary significantly in their responsiveness to heparin 


(Kitchen et al., 1996, Kitchen et al., 1999, Banez et al., 1980) ADDIN EN.CITE . Different aPTT reagents often return different aPTT values with normal patient plasmas. There is no international standard for heparin monitoring with aPTT reagents similar to the INR for PT (van der Velde and Poller, 1995). There is an urgent need for the standardisation of aPTT-based monitoring systems for heparin therapy in clinical settings 


(Poller et al., 1989, van der Velde and Poller, 1995, Brandt and Triplett, 1981, Mannucci, 1982) ADDIN EN.CITE . 

The varying responsiveness of aPTT reagents is dependent upon the composition of particular constituents of aPTT products. These contain animal or plant extracts which are a source of phospholipids (partial thromboplastin) combined with a surface activator, i.e., insoluble mineral substances such as kaolin, celite, silica or soluble materials such as ellagic acid (Ratnoff and Crum, 1964), dextran sulphate (Kluft, 1978) and carrageenans (Schwartz and Kellerme, 1969). Negatively charged substances supported by phospholipids bring about the surface-dependent activation of factor XII which is the first step of the coagulation cascade leading to the eventual formation of the insoluble fibrin clot (Griffin and Cochrane, 1979). The lipid composition of aPTT phospholipid reagents can vary significantly. Stevenson et al. documented that the lipid phase loading may differ by 300 times between some commercially available reagents (Stevenson et al., 1986). Both the source and the concentration of phospholipids have been highlighted as important factors in assay behaviour, e.g., a decreased phospholipid concentration can lead to an increased heparin sensitivity of the reagent (Ts'ao et al., 1998, Kitchen et al., 1999). Advances in technology have led to the development of recombinant materials for use in coagulation assays (Ts'ao et al., 1998). It has been suggested that synthetic phospholipids would help to control the variation that exists within aPTT testing and development in procedures and instrumentation would bring about improvements in the reliability of the aPTT activated clotting response 


(Barrowcliffe and Gray, 1981, Thomson and Poller, 1985, Triplett, 1982) ADDIN EN.CITE . Several reports provide a detailed characterisation of aPTT reagents 


(Stevenson et al., 1991, Stevenson et al., 1985, Kitchen et al., 1999, Martin et al., 1992) ADDIN EN.CITE . These are extremely informative sources of data on aPTT reagent composition and performance in clinical and laboratory settings. The differences in their sensitivity to heparin and lupus antibodies have been shown 


(Eby, 1997, Manzato et al., 1998, Ray et al., 1992) ADDIN EN.CITE . However, there is poor data regarding the use of available aPTT formulations for the purpose of diagnostic device development such as that being conducted in this work (Chapter 6). Due to the wide variety of aPTT products with differing formulations and physical characteristics, an assessment of the performance of aPTT reagents in dried form and their stability upon prolonged storage time was needed. Evaluation of the surface-dried reagents would allow selection of the most suitable activators to be incorporated into a coagulation monitoring assay. Particularly, the effects of drying and resolubilization on their activity were of relevance.   

The TG tests evaluate the thrombin activity via both the extrinsic and intrinsic pathways (Beguin et al., 1988). The TG test has proven to be a viable tool for assessment of anticoagulant effect as well as detection of certain pathological conditions i.e. protein C and protein S deficiencies (Duchemin et al., 1994). This test was chosen as a tool for measuring the onset of thrombin formation in plasma triggered with aPTT reagents, which is the penultimate endpoint of the complex coagulation cascade (van Veen et al., 2008) and was herein related to plasma CT. Platelet poor control plasma was activated with a surface activator and partial thromboplastin in the form of a commercial reagent and thrombin formation was measured. This system was highly responsive to heparin effect due to the lack of platelets, and therefore lack of any inhibitory interactions between platelet-derived factors and heparin (Beguin et al., 1989).

This study includes a comparison of a range of commercial aPTT reagent formulations in liquid and in their dried forms after 24 h and 14 days to select the most suitable for inclusion in aPTT assay development in Chapter 6. These were analysed in terms of their ability to enhance thrombin production and reduce plasma CT, stability upon prolonged storage under ambient conditions and their responsiveness to heparin. Ten commercially available reagents were evaluated. These are listed in Table 5.1 together with the manufacturers and the types of materials they contain, which included a surface activator and phospholipids from animal source, plant source or synthetic phospholipids.

Table 5.1. Panel of aPTT reagents including the manufacturers and the composition*.

[image: image59.emf]Reagent Producer Surface Activator Source of 

phospholipids

APTT-SP Hemosil Colloidal silica Synthetic

Cephalinex BioData Microsilica Rabbit brain

SynthASIL Hemosil Colloidal silica Synthetic

Platelin LS

BioMerieux

Micronized silica Porcine + chicken

C. K. Prest 2 Diagnostica Stago Kaolin Rabbit brain

Dapttin Technoclone Synthetic kaolin+sulfatides Unknown

Alexin AMAX / Trinity Biotech Ellagic acid Rabbit brain

Alexin-HS AMAX / Trinity Biotech Ellagic acid Rabbit brain + soy

APTT-SA Helena BioSciences Ellagic acid Rabbit brain

APTT-P Biopool Magnesium-aluminium-silicate Rabbit brain


*Data is according to available manufacturer’s information.


5.2 Analysis of thrombin generation data

The activity of the aPTT reagents was determined by their ability to reduce the natural plasma CT. Fig. 5.1 shows typical colorimetric TG measurement with profiles for plasma samples with and without (blank) activation by Cephalinex aPTT reagent. The thrombin generation profile of the blank control showed a CT greater than 1500 s. The average control plasma LT for all assays was found to be 1943 s with a %CV of 15.6%. Addition of liquid Cephalinex aPTT reagent resulted in the rapid onset of the thrombin burst resulting in a CT of around 100 s. In comparison, when reagent was dried, an increase in the CT of approx. 170 s was noted, which suggests that, for this reagent at least, drying did result in increased CT. However, there was little change in LT between 24 h and 14 days storage (CTs of around 300 s).
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Fig. 5.1. Clotting profiles of Cephalinex in liquid (circles) and dried for 24 h (triangles) and 14 days (squares) obtained from the colourmetric TG measurement. Blank control was non-activated plasma (diamonds) (n = 3).

5.3 Comparison of aPTT reagent activities in liquid and dried forms

It has been shown that commercially available aPTT reagents are effective for plasma CT reduction in their liquid form. However, an important parameter from the point of view of bioassay development is that reagents need to maintain their procoagulant properties upon long-term storage in a dehydrated state. For the purposes of the developmental work being performed here, stability for up to 2 weeks under ambient storage conditions was considered necessary. The performance of aPTT reagents in their liquid and 24 h / 14 day dried forms was assessed by measurement of TG, from which CT values were retrieved (Fig. 5.2).
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Fig. 5.2. CT values obtained from plasmas activated with aPTT reagent; liquid (green), dried for 24 h (red) and dried for 14 days (yellow) (n = 5).

The CT values derived for all the aPTT reagents in their liquid forms using the chromogenic thrombin assay were comparable to CTs expected according to manufacturers’ information.  CT values between 41 ±12.8 s for C.K. Prest 2 and 161 ±23.8 s for SynthASIL were obtained. In addition to comparisons of reagent activity in their liquid forms, the stability of the ready-to-use formulations was also assessed following drying and storage for 24 h and 14 days. Short term storage (24 h) did affect the activity of most reagents. CTs obtained for Platelin LS after 24 h were significantly prolonged, from 95 ±21.3 s in liquid to 468 ±15.9 s. CTs of the majority of dried reagents were at least twice as long as that for the equivalent liquid reagent: Alexin (85 ±7.1 s to 180 ±52.3 s), Cephalinex (110 ±9.8 s to 288 ±55 s), C.K. Prest 2 (41 ±12.8 s to 96 ±15.9 s), aPTT-P (72 ±11.3 s to 218 ±19.3 s) and aPTT-SA (83 ±1.4 s to 184 ±24.2 s) for liquid and 24 h dried CTs, respectively. Prologation in CT due to drying for 24 h was less significant for SynthASIL (161 ±23.8 s to 194 ±54.0 s), Dapttin (95 ±1.1 s to 126 ±6.3 s) and Alexin HS (131 ±35 s to 174 ±18 s) for liquid and 24 h dried CTs, respectively. The only exception was aPTT-SP which proved to be perfectly stable after 24 h yielding a shortened CT over the liquid form by approx. 10 s.

For all reagents stored for 14 days, the CT values gradually increased with one exception; Cephalinex which returned a CT of around 284 s for 24 h and 14 day measurements. The ability of Platelin LS and Alexin to activate plasma clotting decreased dramatically to 1566 ±415.7 s and 850 ±130.7 s for 14 days Platelin LS and Alexin, respectively. The effect of strongly prolonged CTs was not as strongly manifested for the other eight reagents as it was for Platelin LS and Alexin. The CTs of reagents stored for 14 days were: 200 ±17.3 s for Dapttin, 252 ±18.2 s for Alexin HS, 268 ±22.9 s for C.K.Prest2, 266 ±33.8 s for aPTT-SP, 284 ±19.1 s for Cephalinex, 293 ±43.0 s for SynthASIL, 314 ±127.1 s for aPTT-SA to 438 ±135.2 s for aPTT-P.

Statistically significant prolongation in CT was observed for all tested reagents stored for 14 days (based on paired t-tests). For some reagents, 24 h storage did not affect CT as compared to liquid reagents. These were: aPTT-SP, SynthASIL and Alexin HS. Deterioration in the ability to effectively activate clotting for two out of the ten reagents had mostly occurred following 24 h of storage, after which time no statistically significant further deterioration was observed. These reagents were Cephalinex and aPTT-SA. The remaining reagents experienced significant prolongations in CT between liquid and 24 h and 24 h and 14 days of storage, which would be an indication of lack of dried reagent stability.     

The within-run %CV was maintained at ≤ 15% for all tested reagents (n = 5), while significant differences in the inter-assay variability (n = 3) was noticed. It was observed that reagents that were more affected by the storage time and conditions, resulting in a prolonged CT (in comparison to a liquid control) were also the least precise (highest %CV for between-assay variability). These were Platelin LS, Alexin, aPTT-P and aPTT-SA which yielded CTs of 1566 s (26.5%), 850 s (15.4%), 438 s (30.9%) and 314 s (40.5%) respectively. The remaining six reagents resulted in CTs < 300 s and %CV of less than 15%. 


5.4 Heparin sensitivity

Heparin plays a role in the positive-feedback inhibition of thrombin (Beguin et al., 1988) and was used here to obtain prolonged CTs and determine the responsiveness of the reagents to heparin. The effect of the drying process and storage of the aPTT reagents was also evaluated for its effect on the response to heparin. The effect of heparin addition (0 – 2 U/mL) on plasma CT triggered by all ten aPTT reagents in their liquid and dried forms was evaluated by measuring the onset of thrombin formation. Reagent sensitivity to heparin was assessed on the basis of the derived calibration curves. For example, the results for aPTT-P are shown in Fig. 5.3. The correlation between plasma CT and heparin concentration was found to be linear for liquid and dried reagent with R2 > 0.98. However, the sensitivity to heparin was significantly different as evidenced by changes in slope. The 14 day form was found to be the most responsive to anticoagulant in which the CT increased by 392 s upon addition of heparin at 2 U/mL. In comparison, CT values for liquid and 24 h dried reagent were prolonged by 127 s and 150 s, respectively. The slope values illustrate the difference in heparin sensitivity: 62.2, 72.8 and 193.6 s.mL.U-1 for liquid, 24 h and 14 days dried, respectively. However, it must also be taken into account that the base CT (0 U/mL heparin) was significantly increased due to drying from liquid (72 ±11 s) to 24 h (218 ±19 s) and 14 days (438 ±135 s), which suggested a significant deterioration in reagent activity. Furthermore, this reagent at 14 days yielded elevated %CV in comparison to the two other tested forms (31% in comparison to 16% and 12% for liquid and 24 h dried reagent, respectively). 
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Fig. 5.3. Relationship between heparin concentration and obtained CT for aPTT-P (n = 5). Plasma spiked with heparin (0 – 2 U/mL) was triggered with liquid (circles), 24 h dried (reversed triangles) and 14 days dried (squares) reagent. The trend line parameters obtained were as follows: y = 62.182x + 77.545, R2 = 0.9881, y = 72.818x +223.7, R2 = 0.9883 and y = 193.64x + 457.41, R2 = 0.9858 for liquid, 24 h and 14 day dried reagents, respectively. 

Similar analyses were performed for the other reagents, the results of which are summarised in Table 5.2.  Addition of heparin resulted in the prolongation of CT for all tested reagents. Some of these were significantly affected by the presence of heparin in the sample, while others were less sensitive to its effect. The values obtained for liquid reagents increased from 41 – 161 s for 0 U/mL heparin to 102 – 286 s, 130 – 348 s, 139 – 405 s and 199 – 810 s for 0.5, 0.75, 1 and 2 U/mL of heparin, respectively. CTs obtained for 24 h dried reagent changed from 88 – 468 s to 138 – 602 s, 208 – 737 s, 186 – 880 s and 258 – 946 s with an increased heparin concentration. 14 day dried reagents returned an increase in CT from 200 – 1566 s to 256 – 1517 s, 262 – 1439 s, 280 – 1705 s and 369 s – > 1 h with increasing heparin concentrations, respectively. Although the issue of an increased base CT (0 U/mL heparin) occurred for all 14 day dried reagents, this form was generally the most responsive to heparin. The exceptions were Cephalinex, Dapttin and Alexin-HS for which the liquid form was the most sensitive to heparin and Platelin LS which was significantly affected by the drying process and 14 days of ambient storage resulted in the significantly diminished potential to activate plasma clotting; CT values obtained for plasma with 0 – 1 U/mL heparin were 1566 – 1640 s as compared to 1943 s for non-activated plasma. Generally, a trend of prolonged CT with increased heparin concentration was observed. However, there was great variation in the CT values for different aPTT reagents which suggested significant differences in reagent quality. 

Table 5.2. aPTT reagents in liquid and dried forms (24 h and 14 days) characterised in terms of their heparin dose sensitivity (slope), normal derived CT (intercept), linear correlation with heparin from 0 to 2 U/ml (R2), maximum standard deviation (SD) and maximum percentage coefficient of variation (CV).
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Liquid 113.6 107.2 0.99 48 33

24 h 84.0 96.2 0.99 63 44

14 days 134.3 289.2 0.96 96 20

Liquid 65.5 117.3 0.98 23 9

24 h 57.8 261.6 0.83 68 22

14 days 56.5 284.4 0.98 35 10

Liquid 95.0 51.9 0.98 22 31

24 h 118.7 112.7 0.97 74 22

14 days 561.8 249.0 0.99 106 13

Liquid 327.5 123.6 0.98 36 15

24 h 312.1 148.4 0.97 54 28

14 days 443.1 260.2 0.99 94 15

Liquid 68.6 103.6 0.98 22 22

24 h 244.6 518.6 0.85 137 15

14 days (-53.2) 1516 0.02 416 27

Liquid 62.2 77.5 0.99 11 16

24 h 72.8 223.7 0.99 37 12

14 days 193.6 457.4 0.99 135 31

Liquid 56.2 103.7 0.90 51 25

24 h 83.8 196.0 0.98 84 29

14 days 131.1 345.8 0.95 237 49

Liquid 105.1 96.3 1.0 49 16

24 h 79.1 140.8 0.96 30 14

14 days 82.1 203.6 0.99 49 17

Liquid 61.4 86.6 1.0 7 8

24 h 48.7 172.2 0.97 80 34

14 days 829.5 867.4 0.98 359 27

Liquid 114.5 138.9 0.99 35 27

24 h 83.3 118.8 0.95 49 14

14 days 91.7 263.1 0.98 55 12
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The slope values in Table 5.2 indicate the differences in heparin sensitivity of the tested reagents both in liquid and dried forms. It should be noted that the slope values obtained for 14 day dried Platelin LS, Alexin and C.K. Prest 2 were quite high, but since no CT was obtained for 2 U/mL heparin and the correlation was based on only four data points, these reagents were excluded from the comparison of slope values for the 14 day dried reagents. SynthASIL was shown to be by far the best performing in this respect, yielding the highest slope values of 327.5, 312.1 and 443.1 s.mL.U-1 for liquid, 24 h and 14 day dried forms, respectively. The non-heparinised plasma CTs of 161 ±24, 194 ±54 and 293 ±43 s were prolonged to 810 ±36, 806 ±35 and 1170 ±94 s, respectively, upon addition of 2 U/mL of heparin. Such large differences in CT values (at least 600 s) between non-heparinised and heparinised (2 U/mL) samples allowed good discrimination between samples of different heparin levels. The least responsive to heparin were aPTT-SA in liquid form (56.2 s.mL.U-1), Alexin in 24 h dried form (48.7 s.mL.U-1) and Cephalinex as 14 day dried reagent (56.5 s.mL.U-1). These reagents returned insignificant CT differences when tested over a range of heparin concentrations. The use of these reagents in an anticoagulant monitoring device may result in the diminished discrimination between heparin levels. For the purposes of a reagent for use in a coagulation monitoring device, the activated CT is an extremely important factor determining the assay time. The shortest CTs were achieved for Dapttin with 95 ±1 s for non-heparinised plasma triggered with liquid reagent and 369 ±21 s for 2 U/mL heparin in plasma triggered with 14 day dried reagent. The longest CTs were obtained for 14 day dried C.K. Prest 2, Platelin LS and Alexin for which an addition of heparin at 2 U/mL resulted in an enormously prolonged CT with which it was not possible to extract a LT.

Very good linear correlations between CT and heparin concentration were found for nine out of the ten tested reagents within the heparin range of 0 – 2 U/mL (R2 ≥ 0.83). Platelin LS was the only reagent on which the drying process had a dramatic negative impact resulting in significant loss of activity. High variation and no correlation with increased heparin concentrations were also found for the 14 day dried samples (R2 = 0.02). Even though most of the reagents tested responded to addition of heparin by returning prolonged CTs, the deterioration of control clotting values (base CT) also had to be taken into account when selecting a stable, dry formulation which was responsive to heparin. Among several methodological factors influencing the aPTT performance, the reagent composition is one of the most commonly cited 


(Manzato et al., 1998, Shetty et al., 2003, Wojtkowski et al., 1999) ADDIN EN.CITE . The available surface area of the negatively charged surface activators might be reduced due to dehydration following drying. The surface activation may be influenced by the type of activator used. Drying processes may have influenced the orientation and distribution of phospholipids. Some classes of phospholipids are of particular importance, and depending on their ratios and the total concentration of lipids, clotting can be promoted or inhibited (Slater et al., 1980, Comfurius et al., 1994). Liquid reagents containing phospholipids derived from rabbit brain cephalin (C.K. Prest 2, aPTT-P, aPTT-SA and Alexin) returned the shortest CTs varying between 41 – 85 s. However, their ability to induce rapid plasma CT was significantly impacted by the drying process. The chicken and porcine-derived phospholipids used in Platelin LS gave an extremely prolonged CT in dried form (up to 1566 s for 14 days dried reagent). APTT-SP (silica and synthetic phospholipids) was the only reagent for which the absolute CT did not increase after 24 h following drying. However, prolonged storage under ambient conditions did result in the reagent’s eventual deterioration. Another reagent which performed reasonably well was Cephalinex (containing silica activator and rabbit brain phospholipids). Despite the fact that the 24 h drying did influence the reagent’s ability to shorten plasma CT, the long term storage did not seem to affect its activity. However, Cephalinex was shown to be less sensitive to heparin than aPTT-SP in all three tested forms. 

It has been also shown that the type and concentration of surface activator plays a major role in the effectiveness of aPTT reagents (Marlar et al., 1984). Reagents based on kaolin (C.K. Prest 2) or kaolin/sulfatides (Dapttin) were shown to return rapid CTs in all three tested forms, not exceeding 100 s for liquid, 130 s for 24 h dried and 300 s for 14 day dried forms. They were always among the five reagents with the shortest CTs. The combination of traditionally-used kaolin and rabbit brain cephalin extract (C.K. Prest 2) seemed to achieve rapid CTs. However, it should be taken into account that the use of insoluble particulates such as kaolin or silica for automated devices employing photo-optical detection may be problematic. The use of a soluble ellagic acid or a mixture of low concentration insoluble activators such as kaolin and sulfatides i.e. Dapttin (Moritz and Lang, 1995) may be a solution for devices based on optical detection systems. 

Although the reasons for the variable heparin sensitivity of the tested aPTT reagents have not been determined, the nature of surface activator and lipid composition seem to play a major role. The relationship between aPTT reagent lipid composition and heparin sensitivity was thoroughly investigated (Kitchen et al., 1999). Van den Besselaar et al. (1997) described a method of aPTT formulation preparation consisting of colloidal silica and synthetic phospholipids and suggested that the synthetic reagents should form a foundation for aPTT standardization of heparin therapeutic control. In fact, in our study, synthetic phospholipid-based reagents (SynthASIL and aPTT-SP) performed extremely well in terms of both heparin response and dried reagent stability. Additional benefits of such homogeneous materials based on synthetic phospholipids includes minimised batch-to-batch variability which leads to improvements in test CVs (Okuda and Yamamoto, 2004). Both aPTT-SP and SynthASIL which are both based on synthetic phospholipids and silica and are both manufactured by HemosIL, were identified as promising candidates for incorporation into point-of-care diagnostic device platforms as dried reagents. 


5.5 Conclusions

Ten aPTT reagents were analysed in terms of their ability to facilitate plasma clotting and stability in their liquid and dried forms. Heparin dose responses were also monitored with reagents in their liquid and dried forms following storage for 24 h and 14 days. Significant variability in the derived CT values was observed. Procoagulant activity of most reagents was reduced by prolonged storage. Linear correlation between heparin concentration and CT was observed for all tested reagents. However, their sensitivity to heparin was not comparable. Generally, dried forms were characterised by increased sensitivity to heparin. However the base CTs (non-heparinised plasma) also increased upon drying for most reagents. By assessing these two parameters, the most stable and the most responsive to heparin reagents that yielded low control CT values were selected. Their performance was also related to their composition, principally the surface activator and the source of phospholipids. aPTT-SP and SynthASIL (both manufactured by HemosIL) were found to have the best overall performance in terms of dried stability and sensitivity to heparin. Both these reagents are based on silica and synthetic phospholipids. These reagents were identified as promising candidates for incorporation into point-of-care diagnostic device platforms as dried reagents and were used for the development of a lateral flow coagulation monitoring device. 
6.0 DEVELOPMENT OF A FLUORESCENCE-BASED CLOT LOCALISATION ASSAY FOR MONITORING THE THERAPEUTIC EFFECT OF HEPARIN USING aPTT
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6.1 Introduction

The importance of monitoring anticoagulation therapy, particularly heparin and warfarin has been discussed (Chapter 1) and several commercial tests developed for this purpose were described. ACT and aPTT are the most frequently used tests for heparin monitoring. A number of aPTT monitoring devices have been developed and are currently available on the market, e.g., Hemochron® Jr aPTT (Carter et al., 1996). These tests, which were developed from the original CT assays, are predominantly based on identifying the time at which clot formation occurs in a sample. This obviously requires detection of the clot in a reliable and reproducible manner. However, there are many problems associated with current aPTT testing. The triggering of contact activation via the aPTT has been reported to lack reproducibility and reliability which originates from a poor onset of clotting and unpredictable patient response to surface activation 


(Koepke, 1982, Brandt and Triplett, 1981, Poller et al., 1989, Mannucci, 1982, van der Velde and Poller, 1995, Shapiro et al., 1977) ADDIN EN.CITE . The lack of standardised aPTT materials and measurement methods and the large variety of commercially available reagent types was highlighted in Chapter 5. To reduce the variability in aPTT results, pre-incubation of plasma sample with surface activator and phospholipids is recommended as a standard procedure. This, in turn, introduces multiple pre-analytical steps that complicate the assay and prolong the total test time. This also leads to more complex automation to be performed such as the requirement of pumps. Furthermore, most commercially available aPTT devices allow for CT monitoring in plasma, but not in whole blood samples. These limitations cause the test to be less accessible as it requires time-consuming sample preparation, trained personnel and the use of laboratory-based equipment such as centrifuges and water baths. 

Simple, low cost, polymeric microfluidic devices have been shown to be very effective platforms in many point-of-care applications. They possess numerous advantages over traditional configurations which were explained in Chapter 4. Principally, microfluidic systems offer controlled flow conditions which additionally allow automation of many assay process steps which may require precise control of time, or benefit from changes in relative location. The simple and precise control of such processes is hugely attractive for assay design. The fabrication of polymeric substrates using rapid, high throughput production methodologies such as injection moulding and hot embossing also allows large numbers of devices to be produced at low cost and high reproducibility that is difficult or virtually impossible to achieve with traditional natural materials such as nitrocellulose, for example (Chapter 3). Consequently, such platforms could form the foundation for superior point-of-care devices for monitoring coagulation.    

Fibrinogen is a major plasma protein and coagulation factor (Chapter 4). It is the precursor of fibrin as well as an important mediator in the formation of the platelet plug where it provides support for platelet adhesion and aggregation (Coller, 1980, Gresele et al., 2008) by binding to glycoprotein GPIIb-IIIa on activated platelets 


(Phillips et al., 1988, Nachman and Leung, 1982, Ginsberg et al., 1988, Hynes, 1992) ADDIN EN.CITE . Due to this unique property, fluorescently-labelled fibrinogen has been widely used for the in vivo localisation of clot formation to study platelet activation and fibrinogen binding (Heilmann et al., 1994). It has been demonstrated that the fluorescently labelled fibrinogen becomes incorporated into the forming clot and has been shown to localise at the site of clot formation leading to localised increases in fluorescence intensity at the site of the clot. However, such a process has not previously been used in a quantitative way to show the time or extent of clot formation, either in vivo or in vitro, but might offer the potential for the more reliable detection of clot formation for CT determination.

In this chapter, fluorescently-labelled fibrinogen was used as a tool for studying the in vitro initiation, formation and distribution of fibrin clots. Polymeric microfluidic test platforms similar to those used in Chapters 3 and 4 were modified with accelerators of coagulation. The clot formation process of human blood or plasma containing the fluorescent label was monitored using a variety of optical and fluorescent microscopic techniques and a means of extracting accurate and reproducible CTs was established. The system was further optimised for an aPTT assay and correlated against laboratory standards.

6.2 Measurement principles

6.2.1 Investigation of the clot formation and localisation principle 

As already mentioned, polymeric microfluidic platforms are an excellent foundation for the development of diagnostic assays. COP (e.g., Zeonor®) is particularly suited to such applications because of its excellent optical properties (particularly its low fluorescence) and its ability to be moulded into appropriate designs. The foundation for this investigation was the Åmic 4Castchip® model B2.2 (Fig. 6.1) which was fabricated by hot embossing to form arrayed micropillars as described in Chapter 2 and 3. Three distinct regions of the chip were evaluated during this study, denoted as Areas 1, 2 and 3 which correspond to the beginning, middle and end of the lateral flow channel. Each of these areas was a region of the lateral flow micropillars approx. 650 x 820 μm. This is explained in more detail in the sections that follow.
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Fig. 6.1. Åmic 4Castchip® model B2.2. Dimensions are given in mm.

A conjugate of human fibrinogen labelled with Alexa Fluor 488 (details in Chapter 2) was used in the assay. There was no action required to release a fluorescent signal. In the presence of thrombin the soluble fibrinogen was converted into insoluble fluorescently-labelled fibrin. In essence, the labelled fibrinogen competes for unlabelled fibrinogen for incorporation into the forming clot allowing its optical fluorescent localisation. Additionally, binding of the labelled fibrinogen to the GPIIIa-IIb receptor on activated platelets could take place which would supplement the process of fibrinogen incorporation into a clot. To assess the potential of the fluorescent label to be used to detect clot formation in vitro, a plasma test sample was externally recalcified and supplemented with the fluorescently-labelled fibrinogen. A sample was applied to a microfluidic chip that had previously been modified by drying aPTT-SP reagent onto the surface. Passage of the liquid sample would lead to solubilisation and reconstitution of the reagent which would then bring about accelerated clotting.

It was found that the sample advanced along the device channel in a highly controlled and reproducible fashion with an initially uniform distribution of the dye. When analysed by light microscopy, immediately after addition of sample, the sample mixture was homogeneous (Fig. 6.2a). However, after 10 min, strands which were believed to be fibrin fibres could be seen gathering around and between the micropillars (Fig. 6.2b). When analysed using fluorescent microscopy, initially, there was an even distribution of fluorophore with relatively low average background intensity (Fig. 6.2c). However, following clotting, patches of more intense fluorescence in a pattern similar to that seen for the fibrin fibres under light microscopy could be seen (Fig. 6.2d). It could also be noted that there was a decrease in fluorescence in areas immediately adjacent to the areas of more intense clot formation, which may be due to the concentration of the labelled fibrinogen within the loci of forming clots.

The concentration of the fluorescently-labelled fibrinogen and its distribution along the channel appeared to be changing in a time-dependent manner. Appearance of the highly fluorescing formations could be observed after approx. 300 s (Fig. 6.2d), which corresponded to the time needed for fibrin fibre formation as observed visually by light microscopy (Fig. 6.2b). Therefore, the timing of the localisation of clot formation as seen with fluorescence could form the basis of a means of defining an assay CT. 

                              (a)                                                                (b)
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Fig. 6.2. Images of recalcified plasma sample supplemented with fluorescently-labelled fibrinogen and tested in aPTT-coated (aPTT-SP) lateral flow platforms captured using (a) brightlight microscopy, 20x, at 5 sec, (b) brightlight microscopy, 20x, at 10 min, (c) fluorescence microscopy, 10x, at 5 sec and (d) fluorescence microscopy, 10x, at 10 min.

Plasma samples were spiked with a range of heparin concentrations (0 – 1 U/mL) in order to obtain samples with prolonged CTs. The change in the average fluorescence over time was monitored across Area 2 (see Fig. 6.1) of the test channels (Fig. 6.3). All samples showed some initial increase in fluorescence intensity, due to the influx of label to the area as it passed down the channel. At some point, however, there was an actual decrease in fluorescence intensity, followed once again by a gradual rise. The point at which this decrease occurred appeared to correlate with the concentration of heparin used, rising from approx. 130 s at 0 U/mL to approx. 220 s for 1 U/mL. However, the inflections generated were not very well defined, particularly at 1 U/mL in which the change in the profile was difficult to identify Thus, alternative methods of correlating clotting with changes in fluorescence were investigated.
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Fig. 6.3. Change in mean fluorescence intensity with time measured for fluorescent label-supplemented plasma samples spiked with 0 (circles), 0.25 (squares), 0.5 (triangles) and 1 (crosses) U/mL of heparin tested in aPTT-coated microfluidic channels. 

Although it did not appear reliable to extract the CT values from the total change in fluorescence intensity, visual observation had suggested that, as well as changes in the average fluorescence, the localised redistribution of the label within a specific area might also be changing in a time-dependent manner. Therefore, the fluorescence standard deviation (SD) of the monitored zone was assessed. Fig. 6.4 shows the SD change over time obtained for 0.25 U/mL of heparin in plasma with the fluorescence background detection set between 0 and 70 f.u. 
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Fig. 6.4. Change in SD over time obtained for plasma sample spiked with 0.25 U/mL heparin. Data analysed using Lab View software at the minimum signal detection set between 0 and 70 f. u. 

The shape of the profiles obtained for 0.25 U/mL heparin-spiked plasma were shown to be highly dependent on the background fluorescence setting. Since all data points in the monitored area were included in the SD measurement even low signal areas like the micropillar surface were included in the SD calculation. Increasing the background cut off resulted in the elimination of the darker/low signal regions within the monitored area (coming most likely from the areas of micropillars) and thus lower SD values were obtained. Thus, below 30 f.u., initial SD values were greater than zero, being between 3 and 4 for 0 f.u. and between 2 and 3 SD for 10 f.u. However, above 30 f.u., little or no change in SD was recorded during the initial profile, which suggests that there was no discrimination between background levels of fluorescent label and the chip substrate. At approx. 400 s, however, there was a large increase in SD irrespective of background settings, which was most likely due to the onset of coagulation. At this point, samples with background cut-offs of 20 f.u. or greater exhibited sharp, but erratic increases in SD, whereas at 10 and 20 f.u., the profiles were smooth, but less pronounced in terms of rate of change and peak SD achieved.

The changes in SD for the profiles corrected for background above 30 f.u., combined with the absolute fluorescence values obtained in Fig. 6.3 suggest that the distribution of fluorescent label within the measured area must be changing, becoming reduced in some areas and increased in others and that this phenomenon appears to be associated with the onset of clotting.

In addition, the change in SD became more significant during clotting for profiles at 20 f.u. or more, while at the same time the signal-to-noise ratio was reduced resulting in noisier profiles which, in turn, made CTs more difficult to determine. On the other hand, the change in SD obtained with no background rejection (0 f. u.) was slow and gradual and the first point of a change in SD was not well-defined. However, at 10 f.u. cut-off, the initial SD was still quite low, while the change in SD observed during coagulation was quite pronounced and not subject to noise and variability.

LT values were determined for the data shown in Fig 6.4. In addition, visual examination of the recorded frames was performed. The time points when the creation of the first fibrin fibres could be visually observed were chosen as CTs and compared to the LT values which were taken as the time points when sudden increase in SD was demonstrated on the SD vs. time profiles (Table 6.1).

LTs referred to as CTs were determined for all tested samples at minimum signal detection set to 0 and 10 f.u., while CT determination on the basis of profiles at 20 f.u. or higher detection minimum was very difficult or impossible to perform. The visual analysis was used as a correction method indicating a “real” time point for clotting initiation. Minimum set to 0 and 10 f.u. allowed CT determination in a relatively reliable way. Prolongation in CT value was observed with increased heparin concentration for both settings. However, analysis at 10 f.u. correlated best with the values determined by visual observation for all tested heparin concentrations and reflected the onset of clotting in a more reliable way than for 0 f.u. By setting the detection minimum to 10 f.u., areas of very low fluorescence signal were neglected, which included micropillars as the darkest areas. Excluding these regions from the SD analysis yielded more reliable results. Analysis at the minimum signal detection of 10 f. u. allowed reliable and accurate CT determination and therefore, was chosen as an appropriate method for further CT determination.

Table 6.1. CT values for plasma samples containing 0 – 2 U/mL of heparin obtained by visual analysis and on a basis of LT calculation for profiles at 0 – 70 f. u. minimum signal detection using the SD calculation program. (-) refers to a meaningless or impossible CT read-out. 
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Thus, it has been shown that an improved observation of the onset of clotting could be determined from measuring the localised redistribution of the fluorescence signal of a fluorescently-labelled fibrinogen, rather than the simple increase in the magnitude of the fluorescence signal. 

Initial investigation had suggested that the change in SD observed was related to changes in the distribution of fibrinogen and that this was indicative of clot formation and associated CT. However, more detailed studies were undertaken to relate the change in the fluorescent measurement to microscopic changes taking place within the clotting sample. The clotting of plasma samples supplemented with the fluorescently-labelled fibrinogen was monitored using fluorescence microscopy on aPTT-coated chips for 1700 s. Representative images captured at 30, 720 and 1650 s are shown in Fig. 6.5. The monitored area of micropillar channel covered with plasma and fluorescence label solution was initially dark with evenly distributed fluorophore and low fluorescence signal (Fig. 6.5a). However, brightly fluorescing formations could be observed at 720 s (Fig. 6.5b). At 1650 s, the fluorescence intensity in the monitored area increased with the signal mostly confined to the areas around the pillars (Fig. 6.5c). 
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Fig. 6.5. Images of micropillar test channel containing normal clotting plasma sample supplemented with fluorescently-labelled fibrinogen captured using fluorescence microscope with attached video camera at (a) 30 s, (b) 720 s and (c) 1650 s after sample application. Magnification: 10x.

Images were then analysed using SD measurements. SD analysis of the citrated plasma triggered with CaCl2 (clotting) and citrated plasma supplemented with NH4Cl (non-clotting control) is shown in Fig. 6.6. 

[image: image75.emf]
Fig. 6.6. Change in SD of the fluorescence intensity over time for a normal clotting (black) and a non-clotting control (white) plasma sample supplemented with fluorescently-labelled fibrinogen in the micropillar channel modified with aPTT reagents. Arrow indicates the time point for the appearance of highly fluorescent regions. Signal measurement interval: 30 s.

For the first 300 s only small changes in SD were observed for the clotting sample with values between 3 and 5. This phase corresponded to the period of uniform, low fluorescence signal illustrated in Fig. 6.5a with the distribution of fluorescence being derived from the difference between the darker areas (pillars) and the brighter fluidic regions between the pillars. This period of minimal change was equated with the LT of other CT assays. After this period, a rapid increase in SD to approx. 14–15 was observed. Following this abrupt change in SD no further change was observed for nearly 500 s. This period was associated with the redistribution of the fluorescent label as illustrated in Fig. 6.5b and which, we suggest, corresponds to the onset of clotting. During this period, intensely fluorescent areas between the pillars could be seen which conform to patterns of sample flow between the pillars, with adjacent areas with visibly reduced fluorescence. This was supported by visual and white light microscopy which indicated the formation of adherent fibrin fibres at this time. Further intensification is likely as sample continues to flow through and is captured by the forming clot loci. A further significant change in SD was observed at around 810 s followed by a gradual and continuous decrease starting at around 1050 s. Visual analysis revealed that after around 800 s the fluorescent label began to become concentrated around the micropillars (Fig. 6.5c). Adsorption of the label onto the circle around pillars from the adjacent areas and the dye accumulation resulting in an increased localised signal was most likely an indicator of the onset of evaporation. Part of the liquid evaporated from the free/between-pillars areas, while still significant fraction of the half-liquid solution was relocated to areas adjacent to micropillar walls. The label accumulation and signal enhancement in the circles around the pillars and decreased intensity in the areas between pillars caused significant change in SD, which could be correlated with the appearance of a high peak in SD vs. time profile at approx. 1050 s in Fig. 6.6. Eventually, evaporation seemed to affect areas adjacent to the pillar as well, which could be observed in a gradually decreasing SD signal after 1050 s. As all liquid evaporated, the fluorescence signal is quenched and decreased. 

A gradual and steady increase in the SD was observed for the non-clotting sample, where the NH4Cl was added to maintain ion concentration equivalence. No clot formation could be observed visually and the insignificant increase in the SD value may have occurred due to label clumping, accumulation and settling over time rather than clotting. 

The rapid increase in SD of the fluorescence signal was observed only for the clotting sample regardless of the fact that the same concentration of fluorescently-labelled fibrinogen was present in both clotting and non-clotting samples. The fibrinogen binding not only made it easy to localise the formed clots, but also allowed recognition of clotting initiation. 

Additionally, a further positive control (data not shown) was performed using purified thrombin at 1 U/mL in order to bypass the surface activation phase and induce immediate clotting. As a result, a highly fluorescent clot formed rapidly in the sample application zone. The bulk of the available label was captured and therefore, there was little or no signal measured in the test area (Area 2).

The impact of evaporation on the sample behaviour was assessed over a prolonged period of time in a lateral flow device, which was not equipped with a lid and therefore was exposed to atmospheric conditions. A standard clotting solution consisting of 1:1 mixture of plasma and CaCl2 supplemented with fluorescently-labelled fibrinogen (total volume 25 µL) was applied to the microfluidic platform modified with the aPTT reagent. The percentage loss of mass was measured using a standard laboratory scale and was taken as the evaporation rate (Fig. 6.7).

[image: image76.jpg]Loss of mass [%]

100 -
Q000
— E..‘...

__. . .
. i
80 -+ T | —

60 - T—O-

40 A ?

20 - ®

O | | | | | | | | | |
0 250 500 /50 1000 1250 1500 1750 2000 2250 2500

Time [min]




Fig. 6.7. Percentage loss of mass monitored over time as a result of evaporation of the normal clotting plasma sample applied to the open lateral flow channel device.

It was shown that the evaporation process was linear under the given conditions for approx. 1500 s (25 min) at which time it reached a plateau and only approx. 6% of the initial sample mass remained. At approx. 780 – 840 s (13 – 14 min) 50% of the sample mass had evaporated. Previously observed changes of the fluorescence SD signal due to label relocation were attributed to evaporation, especially for times longer than 780 – 840 s. It was also established that the first 600 s (10 min) (in the case of a normal clotting sample) was the period that should be monitored, as although 38% of sample mass had been lost, this did not impact on the measurement of coagulation. However, after approx. 780 s (13 min) the measurement was more significantly influenced by evaporation with nearly 50% loss of sample mass and should not be used for CT measurement.

6.2.2 Assay platform optimisation 

Following on from the establishment of the assay principle, more detailed assay optimisation was undertaken. To achieve this, the test platforms were modified with dried aPTT reagents. The whole area of a channel containing a clotting sample was monitored simultaneously in order to select the best location for CT determination. aPTT reagent volume was optimised with the aim of establishing clear and reproducible fluorescence clotting profiles from which to extract CTs which could be modified by heparin levels.

Selection of the optimal location in the test channel for clotting monitoring

Typical clot monitoring tests were carried out according to the method developed above. The testing took place in a lateral flow platform coated with 40 μL of aPTT chemistry (SynthASIL) that allowed sample movement and redistribution of sample components including fluorescent dye. The measurement started with application of a test sample to the sample zone where it got in contact with aPTT chemistry. The whole area of the test channel containing immobilised aPTT reagent was then filled with a test sample and was examined in order to select an appropriate measurement location to monitor clotting progress in the most reproducible and reliable manner. Clotting of plasma samples containing 0, 0.25 and 0.5 U/mL of heparin was monitored and recorded in areas 1, 2 and 3 as indicated in Fig. 6.1.

The collected data was analysed in terms of SD change over time for normal clotting and heparinised samples monitored in each of the three areas in the channel (Fig. 6.8). It was shown that clot formation was not uniform along the test channel. The LT values for normal and heparinised plasma samples were similar in areas 1 and 2, with the exception of the 0.5 U/mL heparin concentration which affected the clotting process so dramatically that there was little (areas 2 and 3) or no (area 1) increase in SD over time, which made the CT calculation impossible. The LTs of the profiles for area 3 were significantly prolonged in comparison to the LTs obtained for areas 1 and 2. There was only a minor increase in SD in area 3 for a normal clotting sample (0 U/mL heparin) at around 600 s, which could suggest that the clotting occurred but there was a limited amount of free fluorescent label available and therefore the signal was very low. Significant change in SD for heparinised samples was observed after more than 1200 s. It was not confirmed if it was due to the occurrence of clotting or some other events. The reason for low and delayed change in SD recorded in area 3 was not clear. Possibly the portion of plasma that reached the last stages of the journey along the channel could be partly depleted of fibrinogen and/or other coagulation factors which were consumed for clot formation in the early stages of the channel (areas 1 and 2). Alternative explanations could be adsorption of fibrinogen and/or other coagulation factors to the surface, which could have influenced the efficiency and the rate of clot formation in the latter parts of the channel. 

An important fact was discovered during visual inspection of the channel filled with clotting solution. The delayed SD increase after 1200 s observed in area 3 might have been simply a result of un-bound, free, labelled fibrinogen accumulation in the end of the channel rather than clotting. The label accumulation could have brought about an increase in the overall signal, and therefore, overall SD. This could result in a false positive due to the rapid increase in SD which does not correspond to labelled fibrinogen incorporation into the clot, but simply label accumulation. 

The profiles obtained for area 2 were clear and distinct in comparison to area 1 where 0.25 U/mL profile consisted of three steps. Without exhaustive visual analysis it would be impossible to find out which of those three steps corresponded to the initiation of the clotting process. Therefore, area 2 was selected as the most appropriate location for further CT determination.

The absolute CTs were relatively long, being approx. 600 s for normal clotting plasma and longer again for heparinised samples. This may be due to the nature of the aPTT reagent used (SynthASIL) (i.e. activity in a dried form, the time required for its release from the surface and physical characteristics of the reagent components like solubility etc.). It has to be also taken into account that the developed method is a one-step assay where the contact activation takes place within the test channel and so the time required for the contact activation is included in the total CT value. Therefore, this value does not correspond to the typical aPTT normal range given by the manufacturer, which is typically obtained by the standard aPTT procedure that involves a 3 min long preincubation step at 37°C. 

Optimisation of reagent volume

Typically, the recommended ratio of plasma to aPTT reagent is 1:1 (v/v) using the tilting tube method or a plate-based assay for aPTT determination. The designed device consisted of a channel coated with a dried formulation of aPTT chemistry. Therefore, the ratio of plasma and aPTT could not be equivalent to the ratio in the mentioned standard assays. The total volume of the test mixture would not be in homogeneous contact with the aPTT chemistry immediately following mixing. Typically, it took 40 – 60 s for a sample to fill the test channel. Therefore, a study aimed at determining the optimum aPTT reagent volume for deposition was performed. 10 – 50 μL of aPTT-SP were drop-deposited in a test channel and dried. Regardless of the reagent volume the whole area of a test channel was covered. Normal clotting (no heparin) and heparinised (0.5 U/mL) samples were tested in duplicate or triplicate. Clotting profiles are shown in Fig. 6.9, while average CT values are compiled in Fig. 6.10.
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Fig. 6.8. Change in SD over time for plasma containing 0 (circles), 0.25 (triangles) and 0.5 U/mL (crosses) measured in three area in the test channel: area 1 representing beginning, area 2, middle and area 3, end of the test channel.
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Fig. 6.9. Change in SD over time obtained for plasma spiked with 0 (blue crosses) and 0.5 U/mL of heparin (yellow circles) tested in platforms where 10 – 50 μL of aPTT-SP were deposited and dried. 

Change in the SD over time profiles obtained for chips containing 10 – 50 μL of aPTT showed similar trends. Rapid change in the SD value was delayed for heparinised plasma in comparison to normal clotting plasma for all tested aPTT volumes. Profiles generated for 10 and 20 μL were noisier and less reproducible than those obtained for larger aPTT volumes. Clear, well-defined and reproducible profiles generated for 30 μL and more of aPTT allowed more precise determination of CT. 
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Fig. 6.10. CT values of plasma containing 0 (plain bars) and 0.5 (striped bars) U/mL heparin tested in platform where 10 – 50 μL of aPTT-SP were deposited and dried.

The average CTs were between 245 – 300 s and 400 – 420 s for normal clotting (0 U/mL heparin) and spiked (0.5 U/mL heparin) plasma samples, respectively. Surprisingly, there was no significant difference in the CTs obtained for plasma triggered with aPTT deposited at different volumes. Even a five-fold difference in the aPTT reagent volume did not bring about any significant change in the CT value. It has been shown that even low aPTT reagent to plasma ratios were capable of effectively activating the sample. However, significant differences in the quality of the obtained SD vs. time profiles were noticed, which was a significant factor in the CT determination. The use of 10 and 20 μL aPTT was shown to generate noisier profiles resulting in less obvious inflections and greater difficulty in LT determination. In comparison, 30 or 40 μL profiles were well-defined and LTs could be easily assessed. 50 μL was as good as 30 and 40 μL, however, such a high volume was difficult to apply. Therefore, 30 μL was selected as an optimum volume of an aPTT reagent to be used in the further assay platform development.

6.2.3 Comparison of whole blood and plasma

Fluorescence-based detection systems have been used before in several whole blood monitoring approaches where the application of other methods, such as absorbance, is not possible due to the presence of red blood cells that strongly interfere with the signal (Steigert et al., 2006, Kost, 2002). Clotting of whole blood was assessed using the fluorescence assay described in this work. A normal clotting whole blood sample was applied to an aPTT reagent-coated platform and the change in the fluorescence SD signal was monitored over time. 

Fig. 6.11 illustrates the clotting profiles obtained for a clotting plasma sample and a clotting whole blood sample monitored at equal brightness setting as optimised earlier for plasma and additionally for whole blood after compensating for brightness. The fluorescence emission from the whole blood sample was significantly lower than for plasma. This is likely due to the presence of the dense network of red blood cells which result in absorption and scatter (Abugo et al., 2000). Whether uncompensated or not, the observed changes in SD were similar for plasma and whole blood. Following brightness adjustment, no significant difference in the SD profiles was evident, with both showing a CT for this sample of approx. 190 s. This would suggest that the assay would have the potential for CT determination in both plasma and whole blood.  

[image: image80.emf]
Fig. 6.11. Change in SD value over time for clotting plasma (yellow circles) and for whole blood observed at the same settings as plasma (red triangles) and whole blood after adjustment of the brightness adjustment (red circles).


6.3 Calibration with heparin-spiked plasma samples

6.3.1 Validation of heparin spike and incubation time

The anticoagulant effect on the ability of plasma to clot was evaluated in the developed assay device using control plasma samples spiked with varying heparin concentrations of 0 – 2 U/mL. The suitability of spiking of plasma with heparin to bring about changes in CT was assessed. Plasma samples were spiked with 0.25 and 0.5 U/mL of heparin and evaluated in the assay after 0, 30 and 60 min of incubation at RT (Fig. 6.12). 

[image: image81.jpg]18 -

800

600

400

200

Time [s]




Fig. 6.12. Profiles of change in SD over time for plasma samples spiked with 0.25 (empty symbols) and 0.5 (full symbols) U/mL of heparin and incubated for 0 (circles), 30 (squares) and 60 min (triangles) at RT.

Regardless of the pre-incubation time, similar clotting profiles and CTs were obtained for the same heparin concentration. CT values were 330 – 340 s for 0.25 U/mL and 430 s for 0.5 U/mL of heparin in plasma. This demonstrated that there was little need for extensive pre-incubation of plasma with heparin and that spiked solutions could be successfully used for the analytical evaluation of the heparin effect in the developed system.  

6.3.2 The effect of heparin on standard deviation profiles

The fluorescently-labelled fibrinogen assay device was fully optimised for clot monitoring in plasma and whole blood. Herein, this assay was evaluated for the affect of heparin dosage on CT in an aPTT-type assay. Control plasma samples were spiked with concentrations of heparin from 0 to 2 U/mL and these samples were subject to the fluorescent assay in order to assess the effect of heparin dilution on the plasma CTs. Typical SD vs. time profiles obtained for normal clotting (no heparin) and heparinised samples (0.25 – 2 U/mL) are shown in Fig. 6.13. In order to emphasise the prolongation in CT due to increased heparin concentration, only the initial parts of the profiles are shown.
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Fig. 6.13. Profiles of change in SD over time obtained for plasma samples spiked with heparin at 0 (filled circles), 0.25 (empty circles), 0.5 (filled reversed triangles), 0.75 (empty reversed triangles), 1 (filled squares), 1.5 (empty squares) and 2 (rhombi) U/mL. Signal measurement interval: 10 sec.

The change in the detected SD signal was sudden and well-defined. CT values could be easily extracted on the basis of the generated profiles. A significant prolongation in the onset of clotting with increased heparin concentration was obvious. A normal sample (0 U/mL heparin) returned a rapid CT of 170 s. CTs were between 210 – 483 s for 0.25 – 2 U/mL. As illustrated in Fig. 6.14, the correlation between the extracted CTs and heparin dose was close to linear (R2 = 0.996) in the tested range of heparin concentration. A slope value of 156 s.mL.U-1 and the difference of at least 36 s between increasing heparin doses indicated a relatively high heparin sensitivity of the assay with a %CV ≤ 8.4%. Results obtained for samples at 0.75 U/mL heparin or more were less reproducible than CTs in the lower heparin range. In these tests, the clotting occurs both later and more slowly. This is known to lead to increased variation in the onset of coagulation (Lo et al., 2005) with resulting increases in CV. 
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Fig. 6.14. Calibration curve of heparin concentration vs. extracted CT in control plasma samples spiked with 0 – 2 U/mL of heparin (n=3). y = 156.29x + 181.28; R2 = 0.996.

6.3.3 Correlation with coagulometry

Coagulometry is a well-established and widely used methodology for CT determination. Coagulometers measure the ability of blood to clot by performing any of several types of tests including aPTT, PT/INR, lupus anticoagulant screens, D-dimer assays and factor assays. The onset of clotting is usually determined mechanically (rotating or vibrating metal ball) visually or measurement of the change in the light transmittance. Several other ways of determining a CT have been developed, including surface acoustic wave device measuring changes in sample viscosity (Gronewold et al., 2005) or thickness-shear mode resonator used to characterise static rheological properties of blood (Bandey et al., 2004). Although coagulometers are relatively expensive, need to be operated by trained personnel and require large volumes of anticoagulated blood samples and activating reagents, they are still widely used in a clinical practice and for research purposes. Several newly developed coagulation monitoring devices are calibrated/validated against traditionally used coagulometers (Cheng et al., 2001, Quehenberger et al., 1999). 

In this study the Amelung KC4® clinical coagulation analyzer was used as a reference method. Amelung KC4® is a semi-automated mechanical clot detection system where the manual addition of a plasma sample to an aPTT reagent was followed by pre-incubation step and automated CT determination. This coagulometer allowed aPTT determination for plasma samples spiked with 0 – 1 U/mL of heparin which were tested in parallel using the technique developed here. aPTT reagent deterioration upon drying might have an impact on the final result. Therefore, reagent from the same lot was deposited in the developed device channels and in the coagulometer cuvettes and dried for 24 h. According to the recommended coagulometer procedure, test samples were pre-incubated with aPTT reagent for 3 min at 37°C before the CT measurement started, while the developed fluorescence method did not require the pre-incubation. Contact activation was achieved by exposing a test sample to the activator-phospholipid reagent formulation dried to the surface of the test platform. The resulting CT value (test time) was the total time required for the reversal of the citrate effect and the activation of coagulation factors. Therefore, the total CT value obtained using the fluorescence-based method was a sum of all the assay steps which would otherwise be performed separately in a traditional test. Consequently, the absolute CTs obtained by this method were considerably longer than the standard laboratory aPTT. The test was correlated with standard hospital coagulometry using the Amelung KC4® (Fig. 6.15).

CTs for plasma spiked with 0 – 1 U/mL of heparin were 71.7 – 196.8 s and 146.7 – 276.7 s for coagulometer and the new technique, respectively. Given that the laboratory method required 3 min incubation, this would extend the total assay time to 251.7 – 376.8 s. Thus, the total test times were, on average, 110 s faster for the new assay. In spite of the differences in the absolute CTs obtained, the correlation between the fluorescence-based method and coagulometer was found to be close to linear with R2 = 0.9986.
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Fig. 6.15. Correlation between aPTT values for heparin-spiked plasma (0 – 1 U/mL) by the developed aPTT assay device (field method) and coagulometer (n=3). Trend line parameters were as follows: y = 1.0462x + 69.49; R2 = 0.9986.

6.3.4 Correlation with a routine hospital aPTT determination method

CTs obtained from the fluorescence-based method for heparin-spiked plasma were additionally compared and contrasted against another widely used method for clotting assessment in the clinical settings, an automated hospital coagulation analyzer, the ACLtop® coagulation system. This instrument measures a change in the light transmittance during clotting of a plasma sample activated with an aPTT reagent (clotting method). Plasma samples spiked with a range of heparin concentrations from 0 to 2 U/mL were tested in parallel using the developed fluorescence-based assay and the ACLtop® coagulation system. The resulting aPTT CT values are listed in Table 6.2 and correlation showed in Fig. 6.16. 
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Fig. 6.16. Correlation between aPTT values obtained for plasma samples spiked with heparin at 0 – 0.75 U/mL tested using the fluorescence-based technique (field method, n=3) and using the ACLtop® (hospital method, n=1). y = 0.8065x + 169.12; R2 = 0.9365.

Table 6.2. APTT of plasma samples supplemented with heparin at 0 – 2 U/mL tested using a routine, hospital method and the developed fluorescence-based assay in parallel.  
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CT values derived by the hospital method were lower than the fluorescence assay results. Again, this was due to the introduction of plasma and aPTT reagent in a pre-incubation step (as was the case with the coagulometer). Taking this into account, the methods differed by approx. 10 s. Given that the fluorescent assay only takes a reading every 10 s, these could be considered equivalent. In addition, the hospital method was incapable of determining CT values for high heparin concentrations (≥ 1 U/mL). Therefore, correlation was only established on the basis of CT values obtained for 0 – 0.75 U/mL where it was close to linear (R2 = 0.9365, n=3). The new method appeared to be a reliable tool for heparin dose monitoring in spiked samples at least. In addition, higher drug doses (up to 2 U/mL) could be detected using the fluorescence-based method, which was not possible with the standard hospital technique. This higher range typically requires use of the ACT assay. The new assay was also more sensitive to low heparin dosage as plasma CT was prolonged by 43.3 s upon an addition of 0.25 U/mL heparin in comparison to only 18.9 s in the ACLtop®.


6.4 Assay validation in patient samples

The viability and reliability of the fluorescence-based lateral flow assay device for heparin determination was further investigated by testing patient samples with known aPTT. A cohort of 32 normal and abnormal plasma samples were obtained from patients with clotting abnormalities, who were receiving combined anticoagulant therapy (exact dosage and type of treatment was unknown). These were examined using the fluorescence-based aPTT method developed here and the ACLtop® (Fig. 6.17 and Table 6.3). After aPTT determination by ACLtop, samples were stored frozen for 1 to 7 days prior testing with the fluorescence-based method.
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Fig. 6.17. Correlation of patient aPTT values between the hospital method (ACLtop®, n=1) and using the fluorescence-based assay (field method, n=3). y = 8.7395x + 0.6393; R2 = 0.7834.


Table 6.3. aPTT values of 32 patient plasma samples analysed by the routine hospital method and the new fluorescence-based assay (n=3 or 4). SD values for the hospital method, the ACLtop® were not available.  
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Total assay times obtained from the fluorescence-based assay were, again predictably greater than the hospital method. However, taking into account the 3 minute incubation, the new method was, on average 110 s quicker to return a CT. Again, samples with significantly prolonged CTs showed poorer reproducibility than those of low or normal aPTT. Nevertheless, the intra-test variability was satisfactory. The slowest clotting sample (78.4 s by hospital technique, 676.7 s by fluorescence-based method) yielded the highest %CV of 15.9%, while 24 out of 32 samples returned CVs of less than 10%, which could be considered very reproducible taking into account the inherent variability of this type of assay, particularly when testing heparinised patients where deviations of up to 200% have been documented (Shojania et al., 1988). 

Due to the wide variability in aPTT testing and individual patient response, the relationship between the heparin dosage and the CT expressed as aPTT is very difficult to establish. Therefore, new point-of-care methods are correlated with conventional automated aPTT central laboratory coagulometers (Ferring et al., 2001). Herein, the obtained coefficient correlation of 0.7834 between the newly developed and standard, reference methods was considered more than acceptable when taking into account the fact that aPTT test is still non-standardised assay and several factors including factor deficiencies can influence the responses of both methods (Despotis et al., 1994a).

Results obtained for real patient samples were additionally compared to the heparin-spiked plasma values (Fig. 6.18). In this instance, a significant disparity could be seen between the calibration curves for spiked and patient samples by the two methods. The correlations between aPTT by the newly developed assay and the routine method for both heparin-spiked and patient samples were found to be close to linear. However, the slope values were significantly different, even though both types of sample were tested using exactly the same protocols. The laboratory method was seen to be far more sensitive to the spiked samples than the fluorescence method. However, the new test was far more sensitive to real patient samples as was also demonstrated in Table 6.3.
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Fig. 6.18. Correlation between aPTT values by the routine, hospital method (ACLtop®) and by the fluorescence-based assay (field method) for patient plasma (blue) and heparin-spiked control plasma (yellow). Trend line parameters were as follows: y = 8.7395x + 0.6393; R2 = 0.7834 for patient plasma and y = 0.6656x + 137.46; R2 = 0.959 for heparin-spiked plasma samples.

The use of heparin-spiked samples for the purpose of the aPTT reference and therapeutic range establishment has been shown to be misleading (Kitchen et al., 1996, Cullberg et al., 2001). It has previously been shown that calibrations based on in vitro heparin addition to pooled plasmas yield a much lower aPTT therapeutic range in comparison to calibrations based on heparin-treated patient samples (Eby, 1997). Therefore, the final device calibration ought to be performed using reference samples obtained from patients on heparin therapy.


6.5 Conclusions

The work compiled in this chapter demonstrates the development of a technique that allows precise detection of the onset of coagulation in plasma and whole blood by monitoring clot formation using a fluorescent probe and its enhanced accumulation in microscopic loci which are enhanced by the flow of the sample and label between micropillar structures in a disposable microfluidic device. The assay was developed for aPTT and could be performed in a single step, requiring no mechanical pumping or mixing. In a point-of-care setting the testing could be performed without citration/recalcification. The method was shown to be useful for determining the effect of the anticoagulant drug, heparin on the CT values of both plasma and whole blood following their activation using an immobilised aPTT assay chemistry. It allowed the effect of anticoagulant therapy (e.g., heparin) to be accurately assessed over a very wide therapeutic range (0 – 2 U/mL) with exceptional linearity and precision which is not achievable with other systems. The assay was shown to correlate well with both, “gold standard” laboratory coagulometry as well as routine hospital aPTT analysers, and was also shown to correlate with laboratory aPTT in real patient plasma samples. In addition, the use of small sample volumes enables alternative routes to sampling other than venous draw such as finger stick. 




7.0 OVERALL CONCLUSIONS AND FUTURE WORK


As shown in the previous chapters, this thesis investigated the development of coagulation monitoring assay devices. In so doing, it studied the materials and their properties (physical and biochemical) which were necessary to make this possible, as well as their application to specific coagulation assays. Two point-of-care diagnostic devices were successfully developed in this study; a rapid fibrinogen determination assay as outlined in Chapter 4 and a fluorescence-based aPTT test for anticoagulant dosage monitoring described in Chapter 6. Both devices were optimised, calibrated and validated with patient samples, strengthening their viability as diagnostic tools for fibrinogen determination and heparin dose monitoring. Even though the thorough investigation confirmed assay reliability within the accepted range limits as compared to routinely used standard methods, some improvements could be implemented to enhance assay performance.

The coating surface optimisation in Chapter 3 could potentially be utilised in a bioassay platform. Surface tension, surface roughness and coating stability are important parameters in assay design and these were extensively investigated. Surface coating with SiOx had the best performance out of tested treatments and could be successfully used for the development of a coagulation monitoring device where the SiOx-induced degree of clotting activation is sufficient. However, as was seen, these methods must reach a level of volume automation which would make them suitable as raw materials for device fabrication. Maintaining surface uniformity and stability while also achieving high throughput are critical to this.

The fibrinogen determination device described in Chapter 4 was shown to be a reliable tool for measuring clinically relevant levels of fibrinogen in the range of 1 – 7 g/L. This range could be extended to improve the accuracy of the results in the upper range, once assay design constraints have been overcome. For instance, an increase in the test channel length would enable measurement of concentrations below 1 and above 7, if necessary. Additionally, the precision of detection for increased levels of elevated fibrinogen (CV = 25%) could potentially be improved. The implementation of longer channels could allow the exclusion of the first few mm of the channel for data interpretation as this short distance travelled is independent of fibrinogen concentration and is highly influenced by the initial force applied during sample application. It must be noted that at least 6 sec was required for the initiation of thrombin activity, and therefore the first few millimetres (and first few seconds) should be neglected, which would be possible with longer channels. Optical or conductivity signal transduction methodologies would allow an automated result read-out by an untrained person, and this could be developed as an alternative to visual inspection. However, visual inspection could be a simple, low cost means of measurement for certain scenarios, e.g., for field use by emergency medical technicians, or use in low resource environments. Several product-specific performance requirements would have to be met, including long term device stability. Methods to ensure retention of thrombin activity following immobilisation and storage could be readily achieved via a combination of stabilising reagents, control of the drying process and storage in a controlled atmosphere. Other requirements for a point-of-care test have already been achieved, including portability, cost, for the absence of pre-analytical manipulation of the sample, no mixing or pumping involved, low sample volume and rapid test result within 5 min.

Chapter 5 outlines a study on the characterisation of aPTT formulations for potential use in the development of coagulation monitoring assay devices. The best performing reagents in terms of dried reagent stability and heparin sensitivity were selected. However, for use in the point-of-care device a longer term stability test would need to be performed. Associations between reagent composition and performance could also be identified from the study.

A second point-of-care assay developed in this study was a fluorescence-based aPTT assay for heparin dose monitoring as described in Chapter 6. This test was fully optimised for monitoring heparin levels between 0 – 2 U/mL in both plasma and whole blood. Ideally for point-of-care set-up the system should be accompanied by miniaturised optics including light source and detection unit rather than the sophisticated fluorescence microscope and camera which was used in this study. However, establishment of the proof of concept of the assay detection system was critical ahead of any miniaturisation in the measurement optics. Discussions with colleagues expert in optical physics are assured that such a system is miniaturisable and represents only a technical development activity. The platform surface contained the necessary formulation of surface activator and partial thromboplastin to induce clotting. However, the use of citrated samples required external recalification. The incorporation of an additional assay device compartment containing calcium would further simplify the analysis of citrated samples. Citrated samples were used for the assay development and calibration purposes. The ultimate aim, however, would be to convert the assay into a near patient test where a sample is delivered from an alternative site other than venous blood i.e. fingerprick and so studies showing the suitability of these alternate sites for such samples should be performed. Fluorescently-labelled fibrinogen was a necessary component of the test and was externally added to the sample prior to testing. In order to fully eliminate unnecessary pre-testing steps this assay step would need to be incorporated into the test platform. This could be easily achieved by creating a zone suitable for deposition of the labelled fibrinogen. This would ideally be located between the sampling zone and the test channel, so that a test sample filling the channel flushes away the labelled fibrinogen. Capillary flow would facilitate reconstitution and mixing of the fluorescently-labelled fibrinogen with the sample. However, fibrinogen is an extremely sticky protein, and so a suitable surface would be required to prevent protein adsorption and any non-specific surface-protein interactions, but allow the labelled protein to be easily dissolved in its active conformation. 

There is also ongoing research aimed at broadening the range of assays that can be performed by the device. The fluorescence-based clot formation detection methodology could be used for measuring ACT and PT and therefore determination of different types of anticoagulant drugs exerting their activity via other pathways and mechanisms than heparin. The idea is to prove that this platform is capable of performing a range of assays using the same measurement principle but with different means of clotting activation and in both plasma and whole blood.
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calib. and Patients samples

						Fib. conc. [g/L]		Distance mm																Patients samples																PATIENTS PLASMAS

		sample no		Theor [g/L]										aver		SD		%RSD						Fib. conc. [g/L]																Calculation based on calibration curve equation																						13						Fibrinogen conc. [g/L]		Distance		SD		CV [%]		Fibrinogen conc. [g/L]		SD		CV [%]

		1		3		2.66		18		17		16		17.0		1.0		5.9						Big Lab		Distance travelled [mm]						aver		SD		RSD %				Big Lab		Distance travelled						My method fib. conc.[g/L]						aver		SD		CV [%]				14						by reference method		travelled [mm]						by developed method

		2		5		3.65		13		12		13		12.7		0.6		4.6						2.2		19		19		19		19.0		0.0		0.0				2.2		19		19		19		2.6		2.6		2.6		2.6		0.0		0.0				13						2.2		19.0		0.0		0.0		2.6		0.0		0.0				0.4

		3		7		4.66		10		10		11		10.3		0.6		5.6						2.2		22		22		22		22.0		0.0		0.0				2.2		22		22		22		1.8		1.8		1.8		1.8		0.0		0.0										2.2		22.0		0.0		0.0		1.8		0.0		0.0				-0.4

		4		9		5		11		7		11		9.7		2.3		23.9						2.5		18		21		20		19.7		1.5		7.8				2.5		18		21		20		2.8		2.1		2.3		2.4		0.4		16.4				mm		g/L				2.5		19.7		1.5		7.8		2.4		0.4		16.4				-0.1

		5		11		5.07		9		9		7		8.3		1.2		13.9						2.6		19		20		20		19.7		0.6		2.9				2.6		19		20		20		2.6		2.3		2.3		2.4		0.1		6.2				24		1.2843253866				2.6		19.7		0.6		2.9		2.4		0.1		6.2				-0.2

		6		19		6.97		4		4		3		3.7		0.6		15.7						2.7		17		18		17		17.3		0.6		3.3				2.7		17		18		17		3.1		2.8		3.1		3.0		0.1		5.0										2.7		17.3		0.6		3.3		3.0		0.1		5.0				0.3

																								2.7		17		20		19		18.7		1.5		8.2				2.7		17		20		19		3.1		2.3		2.6		2.7		0.4		14.8										2.7		18.7		1.5		8.2		2.7		0.4		14.8				-0.0

		5/14/09																						2.8		16		16		17		16.3		0.6		3.5				2.8		16		16		17		3.4		3.4		3.1		3.3		0.1		4.6										2.8		16.3		0.6		3.5		3.3		0.1		4.6				0.5

		Sample no.				Fib. conc. [g/L]		Distance [mm]																2.9		17		17		17		17.0		0.0		0.0				2.9		17		17		17		3.1		3.1		3.1		3.1		0.0		0.0				Fib conc		Distn				2.9		17.0		0.0		0.0		3.1		0.0		0.0				0.2

														aver		SD		%RSD						2.91		15		17		17		16.3		1.2		7.1				2.91		15		17		17		3.6		3.1		3.1		3.3		0.3		9.1				5.3		8.46978				2.9		16.3		1.2		7.1		3.3		0.3		9.1				0.4

		0				3.04		17		16		17		16.7		0.6		3.5						3		22		23		22		22.3		0.6		2.6				3.2		16		17		13		3.4		3.1		4.1		3.5		0.5		15.3										3.2		15.3		2.1		13.6		3.5		0.5		15.3				0.3

		2				3.77		14		14		14		14.0		0.0		0.0						3.2		16		17		13		15.3		2.1		13.6				3.4		14		15		13		3.9		3.6		4.1		3.9		0.3		6.7										3.4		14.0		1.0		7.1		3.9		0.3		6.7				0.5

		4				4.36		9		11		10		10.0		1.0		10.0						3.4		14		15		13		14.0		1.0		7.1				3.4		17		16		17		3.1		3.4		3.1		3.2		0.1		4.7										3.4		16.7		0.6		3.5		3.2		0.1		4.7				-0.2

		6				4.54		9		10		10		9.7		0.6		6.0						3.4		17		16		17		16.7		0.6		3.5				3.5		13		12		13		4.1		4.4		4.1		4.2		0.1		3.5										3.5		12.7		0.6		4.6		4.2		0.1		3.5				0.7

		8				5.39		7		8		8		7.7		0.6		7.5						3.5		13		12		13		12.7		0.6		4.6				3.8		13		15		13		4.1		3.6		4.1		4.0		0.3		7.5										3.8		13.7		1.2		8.4		4.0		0.3		7.5				0.2

		10				5.74		8		6		6		6.7		1.2		17.3						3.8		13		15		13		13.7		1.2		8.4				3.9		16		16		16		3.4		3.4		3.4		3.4		0.0		0.0										3.9		16.0		0.0		0.0		3.4		0.0		0.0				-0.5

		20				7.25		5						5.0		0.0		0.0						3.9		16		16		16		16.0		0.0		0.0				4.2		15		15		15		3.6		3.6		3.6		3.6		0.0		0.0										4.2		15.0		0.0		0.0		3.6		0.0		0.0				-0.6

		30				7.55		2		2		2		2.0		0.0		0.0						4.2		15		15		15		15.0		0.0		0.0				4.2		15		16		15		3.6		3.4		3.6		3.5		0.1		4.2										4.2		15.3		0.6		3.8		3.5		0.1		4.2				-0.7

		40				6.97		3		2		3		2.7		0.6		21.7						4.2		15		16		15		15.3		0.6		3.8				4.3		15		14		14		3.6		3.9		3.9		3.8		0.1		3.9										4.3		14.3		0.6		4.0		3.8		0.1		3.9				-0.5

		50						2						2.0		0.0		0.0						4.3		15		14		14		14.3		0.6		4.0				4.5		13		14		13		4.1		3.9		4.1		4.0		0.1		3.7										4.5		13.3		0.6		4.3		4.0		0.1		3.7				-0.5

		s44				5.56		11						11.0		0.0		0.0						4.5		13		14		13		13.3		0.6		4.3				4.8		14		14		14		3.9		3.9		3.9		3.9		0.0		0.0										4.8		11.7		0.6		4.9		3.9		0.0		0.0				-0.9

		s45				4		14		16		14		14.7		1.2		7.9						4.8		11		12		12		11.7		0.6		4.9				4.8		11		12		12		4.6		4.4		4.4		4.5		0.1		3.3										4.8		14.0		0.0		0.0		4.5		0.1		3.3				-0.3

																								4.8		14		14		14		14.0		0.0		0.0				5.2		10		10		10		4.9		4.9		4.9		4.9		0.0		0.0										5.2		10.0		0.0		0.0		4.9		0.0		0.0				-0.3

						1.03		27		27		27				27.0		0.0						5.2		10		10		10		10.0		0.0		0.0				5.2		11		10		11		4.6		4.9		4.6		4.7		0.1		3.2										5.2		10.7		0.6		5.4		4.7		0.1		3.2				-0.5

						1.34		25		24		26				25		1						5.2		11		10		11		10.7		0.6		5.4				5.3		12		10		9		4.4		4.9		5.2		4.8		0.4		8.2										5.3		10.3		1.5		14.8		4.8		0.4		8.2				-0.5

						1.41		25		25		25				25		0						5.3		12		10		9		10.3		1.5		14.8				5.6		10		9		8		4.9		5.2		5.4		5.2		0.3		5.0										5.6		9.0		1.0		11.1		5.2		0.3		5.0				-0.4

						1.81		22		26		22		24		23.5		1.9148542155						5.6		10		9		8		9.0		1.0		11.1				5.6		8		8		8		5.4		5.4		5.4		5.4		0.0		0.0										5.6		8.0		0.0		0.0		5.4		0.0		0.0				-0.2

						2.2		19		20		19				19.3333333333		0.5773502692						5.6		8		8		8		8.0		0.0		0.0				5.8		12		12		11		4.4		4.4		4.6		4.5		0.1		3.3										5.8		11.7		0.6		4.9		4.5		0.1		3.3				-1.3

																								5.8		12		12		11		11.7		0.6		4.9				5.9		8		10		9		5.4		4.9		5.2		5.2		0.3		5.0										5.9		9.0		1.0		11.1		5.2		0.3		5.0				-0.7

																								5.9		8		10		9		9.0		1.0		11.1				6.2		10		10		9		4.9		4.9		5.2		5.0		0.1		3.0										6.2		9.7		0.6		6.0		5.0		0.1		3.0				-1.2

																								6.2		10		10		9		9.7		0.6		6.0				7.5		3		3		3		6.7		6.7		6.7		6.7		0.0		0.0										7.5		3.0		0.0		0.0		6.7		0.0		0.0				-0.8

																								7.5		3		3		3		3.0		0.0		0.0																																9.3		6.3		0.6		9.1		5.9		0.1		2.6				-3.4

						Fibrinogen conc. [g/L]		Distance travelled [mm]		SD		RSD %																												9.3		6		6		7		5.9		5.9		5.7		5.9		0.1		2.6

						1.03		27.0		0.0		0												9.3		6		6		7		6.3		0.6		9.1

						1.34		25.0		1.0		4.0																				0.0		0.0

						1.41		25.0		0.0		0.0

						1.81		23.5		1.9		8.1

						2.2		19.3		0.6		3.0

						2.66		17.0		1.0		5.9

						3.04		16.7		0.6		3.5

						3.65		12.7		0.6		4.6

						3.77		14.0		0.0		0.0

						4		14.7		1.2		7.9

						4.36		10.0		1.0		10.0

						4.54		9.7		0.6		6.0

						4.66		10.3		0.6		5.6

						5.07		8.3		1.2		13.9

						5.39		7.7		0.6		7.5

						5.74		6.7		1.2		17.3

						7.55		2.0		0.0		0.0

						6.97		2.7		0.6		21.7

						6.97		3.7		0.6		15.7





calib. and Patients samples

								0		0		0		0

								1		1		0		0

								0		0		1.5275252317		1.5275252317

								1.9148542155		1.9148542155		0.5773502692		0.5773502692

								0.5773502692		0.5773502692		0.5773502692		0.5773502692

								1		1		1.5275252317		1.5275252317

								0.5773502692		0.5773502692		0.5773502692		0.5773502692

								0.5773502692		0.5773502692		0		0

								0		0		1.1547005384		1.1547005384

								1.1547005384		1.1547005384		0.5773502692		0.5773502692

								1		1		2.0816659995		2.0816659995

								0.5773502692		0.5773502692		1		1

								0.5773502692		0.5773502692		0.5773502692		0.5773502692

								1.1547005384		1.1547005384		0.5773502692		0.5773502692

								0.5773502692		0.5773502692		1.1547005384		1.1547005384

								1.1547005384		1.1547005384		0		0

								0		0		0		0

								0.5773502692		0.5773502692		0.5773502692		0.5773502692

								0.5773502692		0.5773502692		0.5773502692		0.5773502692

												0.5773502692		0.5773502692

												0.5773502692		0.5773502692

												0		0

												0		0

												0.5773502692		0.5773502692

												1.5275252317		1.5275252317

												1		1

												0		0

												0.5773502692		0.5773502692

												1		1

												0.5773502692		0.5773502692



Calibration

Patients samples

hhhh

Fibrinogen conc. [g/L]

Distance travelled [mm]



pl.vs blood calibr.

						0		0

						1		1

						0		0

						1.9148542155		1.9148542155

						0.5773502692		0.5773502692

						1		1

						0.5773502692		0.5773502692

						0.5773502692		0.5773502692

						0		0

						1.1547005384		1.1547005384

						1		1

						0.5773502692		0.5773502692

						0.5773502692		0.5773502692

						1.1547005384		1.1547005384

						0.5773502692		0.5773502692

						1.1547005384		1.1547005384

						0		0

						0.5773502692		0.5773502692

						0.5773502692		0.5773502692



Calibration

Fibrinogen conc. [g/L]

Distance travelled [mm]



Whole blood

		PLASMA										WHOLE BLOOD

		Fibrinogen conc. [g/L]		Distance travelled [mm]		SD		RSD %				Fibrinogen conc. [g/L]		Distance travelled [mm]		SD		RSD %

		1.03		27.0		0.0		0				1.56		14.0		1.0		7.1

		1.34		25.0		1.0		4.0				1.7		12.7		1.2		9.1

		1.41		25.0		0.0		0.0				2.07		13.0		0.0		0.0

		1.81		23.5		1.9		8.1				2.29		12.7		0.6		4.6

		2.2		19.3		0.6		3.0				2.4		10.3		0.6		5.6

		2.66		17.0		1.0		5.9				2.6		10.4		1.1		10.9

		3.04		16.7		0.6		3.5				2.7		9.7		1.2		11.9

		3.65		12.7		0.6		4.6				3.04		11.3		1.2		10.2

		3.77		14.0		0.0		0.0				3.29		10.7		1.5		14.3

		4		14.7		1.2		7.9				4.27		10.0		0.0		0.0

		4.36		10.0		1.0		10.0				4.9		10.0		0.0		0.0

		4.54		9.7		0.6		6.0				5.55		8.3		0.6		6.9

		4.66		10.3		0.6		5.6				8.86		6.0		0.0		0.0

		5.07		8.3		1.2		13.9

		5.39		7.7		0.6		7.5

		5.74		6.7		1.2		17.3

		6.97		3.7		0.6		15.7

		6.97		2.7		0.6		21.7

		7.55		2.0		0.0		0.0

												distance

												18		2.8357552878





Whole blood

						0		0		1		1

						1		1		1.1547005384		1.1547005384

						0		0		0		0

						1.9148542155		1.9148542155		0.5773502692		0.5773502692

						0.5773502692		0.5773502692		0.5773502692		0.5773502692

						1		1		1.133893419		1.133893419

						0.5773502692		0.5773502692		1.1547005384		1.1547005384

						0.5773502692		0.5773502692		1.1547005384		1.1547005384

						0		0		1.5275252317		1.5275252317

						1.1547005384		1.1547005384		0		0

						1		1		0		0

						0.5773502692		0.5773502692		0.5773502692		0.5773502692

						0.5773502692		0.5773502692		0		0

						1.1547005384		1.1547005384

						0.5773502692		0.5773502692

						1.1547005384		1.1547005384

						0.5773502692		0.5773502692

						0.5773502692		0.5773502692

						0		0

						NaN		NaN



Plasma

Whole blood

Fibrinogen concentration [g/L]

Distance travelled [mm]



my vs standard

				Thrombin conc [U/mL]								Distance travelled [mm]		SD		RSD [%]						Thrombin conc. [U/mL]		Distance travelled [mm]		SD		CV [%]

				25		5		4		5		4.67		0.58		12.37						25		4.7		0.6		12.4

				10		7		6		6		6.33		0.58		9.12						10		6.3		0.6		9.1

				5		8		7		8		7.67		0.58		7.53						5		7.7		0.6		7.5

				2.5		9		9		9		9.00		0.00		0.00						2.5		9.0		0.0		0.0

				no Thrombin		16		17		16		16.33		0.58		3.53						no Thrombin		16.3		0.6		3.5

						Distance mm

																aver		SD		%RSD				Fib. conc. [g/L]		aver		SD		CV [%]

						15		14		13		14				14.0		1.0		7.1				1.56		14.0		1.0		7.1

						12		12		14		12		13		12.7		1.2		9.1				1.7		12.7		1.2		9.1

				Fib. conc. [g/L]		14		14								14.0		0.0		0.0				2.07		13.0		0.0		0.0

		sample no				13		13		13						13.0		0.0		0.0				2.29		12.7		0.6		4.6

		1		1.56		13		13		12						12.7		0.6		4.6				2.4		10.3		0.6		5.6

		2		1.7		10		10		11						10.3		0.6		5.6				2.6		10.4		1.1		10.9

		3		1.95												0.0		0.0		0.0				2.7		9.7		1.2		11.9

		4		2.07												0.0		0.0		0.0				3.04		11.3		1.2		10.2

		5		2.29		6		6		6		6				6.0		0.0		0.0				3.29		10.7		1.5		14.3

		6		2.4		9		8		8						8.3		0.6		6.9				4.27		10.0		0.0		0.0

		7		2.56		10		10								10.0		0.0		0.0				4.9		10.0		0.0		0.0

		8		2.54		10		10		10						10.0		0.0		0.0				5.55		8.3		0.6		6.9

		9		8.86		11		9		12						10.7		1.5		14.3				8.86		6.0		0.0		0.0

		10		5.55		12		10		12						11.3		1.2		10.2

		11		4.9		7		10		12						9.7		2.5		26.0

		12		4.27												0.0		0.0		0.0

		13		3.29		9		11		9						9.7		1.2		11.9

		14		3.04		9		11		11		11		9		10.2		1.0		9.7

		15		2.75										10

		16		2.96

		17		2.7

		N		2.6



Plasma

Whole blood

Fibrinogen concentration [g/L]

Distance travelled [mm]

0

0

1

1

1

1

1.1547005384

1.1547005384

0

0

0

0

1.9148542155

1.9148542155

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0.5773502692

1

1

1.133893419

1.133893419

0.5773502692

0.5773502692

1.1547005384

1.1547005384

0.5773502692

0.5773502692

1.1547005384

1.1547005384

0

0

1.5275252317

1.5275252317

1.1547005384

1.1547005384

0

0

1

1

0

0

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0

0

1.1547005384

1.1547005384

0.5773502692

0.5773502692

1.1547005384

1.1547005384

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0

0

NaN

NaN



my vs standard

		0		1		1

		0		1.1547005384		1.1547005384

		0		0		0

		0		0.5773502692		0.5773502692

		0		0.5773502692		0.5773502692

		0		1.133893419		1.133893419

		0		1.1547005384		1.1547005384

		0		1.1547005384		1.1547005384

		0		1.5275252317		1.5275252317

		0		0		0

		0		0		0

		0		0.5773502692		0.5773502692

		0		0		0



Distance travelled [mm]

Fibrinogen conc. [g/L]

Whole blood

0

0

0

0

0

0

0

0

0

0

0

0

0



Aging studies

		

		Fibrinogen conc. [g/L]

		Routine hospital method		My assay		SD for my method

		2.2		2.6		0.0				0.4

		2.2		1.8		0.0				-0.4

		2.6		2.4		0.1				-0.2

		2.7		3.0		0.1				0.3

		2.7		2.7		0.4				-0.0

		2.8		3.3		0.1				0.5

		2.9		3.1		0.0				0.2

		3.2		3.5		0.5				0.3

		3.4		3.2		0.1				-0.2

		3.5		4.2		0.1				0.7

		3.9		3.4		0.0				-0.5

		4.2		3.6		0.0				-0.6

		4.2		3.5		0.1				-0.7

		4.3		3.8		0.1				-0.5

		4.8		3.9		0.0				-0.9

		4.8		4.5		0.1				-0.3

		5.2		4.7		0.1				-0.5

		5.6		5.2		0.3				-0.4

		5.6		5.4		0.0				-0.2

		5.8		4.5		0.1				-1.3

		5.9		5.2		0.3				-0.7

		6.2		5.0		0.1				-1.2

		7.5		6.7		0.0				-0.8

		9.3		5.9		0.1





Aging studies

		0		0		0

		0		0		0

		0		0.1492864119		0.1492864119

		0		0.1492864119		0.1492864119

		0		0.3949747199		0.3949747199

		0		0.1492864119		0.1492864119

		0		0		0

		0		0.5382598127		0.5382598127

		0		0.1492864119		0.1492864119

		0		0.1492864119		0.1492864119

		0		0		0

		0		0		0

		0		0.1492864119		0.1492864119

		0		0.1492864119		0.1492864119

		0		0		0

		0		0.1492864119		0.1492864119

		0		0.1492864119		0.1492864119

		0		0.2585716502		0.2585716502

		0		0		0

		0		0.1492864119		0.1492864119

		0		0.2585716502		0.2585716502

		0		0.1492864119		0.1492864119

		0		0		0



Routine hospital method, (fib. conc. g/L)

My assay, (fib. conc. g/L)

Patients samples - correlation of both methods

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Precision

														3 days														7 days														14 days														21 days

				Fibrinogen conc. [g/L]		Distance travelled [mm]		SD		RSD %										aver		SD		RSD										aver		SD		RSD										aver		SD		RSD										aver		SD		RSD

				1.03		27.0		0.0		0

				1.34		25.0		1.0		4.0

				1.41		25.0		0.0		0.0				26		26		26		26		0		0				26		26		27		26.3333333333		0.5773502692		2.1924693767				25		26		27		26		1		3.8461538462				27		27		27		27		0		0

				1.81		23.5		1.9		8.1

				2.2		19.3		0.6		3.0

				2.66		17.0		1.0		5.9

				3.04		16.7		0.6		3.5				16		15		16		15.6666666667		0.5773502692		3.6852144842				18		14		17		16.3333333333		2.0816659995		12.7448938743				16		17		15		16		1		6.25				20		19		18		19		1		5.2631578947

				3.65		12.7		0.6		4.6

				3.77		14.0		0.0		0.0

				4		14.7		1.2		7.9

				4.36		10.0		1.0		10.0

				4.54		9.7		0.6		6.0

				4.66		10.3		0.6		5.6				10		11		10		10.3333333333		0.5773502692		5.5872606696				10		10		10		10		0		0				9		11		10		10		1		10				11		11		12		11.3333333333		0.5773502692		5.0942670811

				5.07		8.3		1.2		13.9

				5.39		7.7		0.6		7.5				8		8		8		8		0		0				7		7		10		8.00		1.7320508076		21.6506350946				9		10		10		9.6666666667		0.5773502692		5.9725889916				11		11		11		11		0		0

				5.74		6.7		1.2		17.3

				7.55		2.0		0.0		0.0

				6.97		2.7		0.6		21.7

				6.97		3.7		0.6		15.7				3		4		3		3.3333333333		0.5773502692		17.3205080757				2		4		3		3		1		33.3333333333				4		5		2		3.6666666667		1.5275252317		41.6597790451				6		5		7		6		1		16.6666666667

		Fibrinogen conc. [g/L]		1.41						3.04						4.66						5.39						6.97

		Storage time [days]		Distance [mm]		SD		RSD [%]		Distance [mm]		SD		RSD [%]		Distance [mm]		SD		RSD [%]		Distance [mm]		SD		RSD [%]		Distance [mm]		SD		RSD [%]

		1		25.0		0.0		0.0		16.7		0.6		3.5		10.3		0.6		5.6		7.7		0.6		7.5		3.7		0.6		15.7

		3		26.0		0.0		0.0		15.7		0.6		3.7		10.3		0.6		5.6		8.0		0.0		0.0		3.3		0.6		17.3

		7		26.3		0.6		2.2		16.3		2.1		12.7		10.0		0.0		0.0		8.0		1.7		21.7		3.0		1.0		33.3

		14		26.0		1.0		3.8		16.0		1.0		6.3		10.0		1.0		10.0		9.7		0.6		6.0		3.7		1.5		41.7

		21		26.7		0.6		2.2		18.7		0.6		3.1		11.3		0.6		5.1		11.0		0.0		0.0		6.0		1.0		16.7

		Fibrinogen conc. [g/L]				Storage time [days]												Expected distance from calibration curve

						1		3		7		14		21

		1,41 g/L		Distance [mm]		25.0		26.0		26.3		26.0		26.7				23.513966

				SD		0.0		0.0		0.6		1.0		0.6

				RSD [%]		0.0		0.0		2.2		3.8		2.2

		3,04 g/L		Distance [mm]		16.7		15.7		16.3		16.0		18.7				17.210104

				SD		0.6		0.6		2.1		1.0		0.6

				RSD [%]		3.5		3.7		12.7		6.3		3.1

		4,66 g/L		Distance [mm]		10.3		10.3		10.0		10.0		11.3				10.944916

				SD		0.6		0.6		0.0		1.0		0.6

				RSD [%]		5.6		5.6		0.0		10.0		5.1

		5,39 g/L		Distance [mm]		7.7		8.0		8.0		9.7		11.0				8.121714

				SD		0.6		0.0		1.7		0.6		0.0

				RSD [%]		7.5		0.0		21.7		6.0		0.0

		6,97 g/L		Distance [mm]		3.7		3.3		3.0		3.7		6.0				2.011222

				SD		0.6		0.6		1.0		1.5		1.0

				RSD [%]		15.7		17.3		33.3		41.7		16.7

																		3.4304700833

																		3.1718984331

																		2.6547551326

				1.41

				3.04

				4.66

				5.39

				6.97





Precision

		1.41		1.03		1.03		1.41				0		0		NaN		NaN		NaN		NaN		1		1

		3.04		1.34		1.34		3.04				0.5773502692		0.5773502692		NaN		NaN		NaN		NaN

		4.66		1.41		1.41		4.66				0.5773502692		0.5773502692		NaN		NaN		NaN		NaN

		5.39		1.81		1.81		5.39				0.5773502692		0.5773502692		NaN		NaN		NaN		NaN

		6.97		2.2		2.2		6.97				0.5773502692		0.5773502692		NaN		NaN		NaN		NaN

				2.66		2.66										NaN		NaN		NaN		NaN

				3.04		3.04										NaN		NaN		NaN		NaN

				3.65		3.65										NaN		NaN		NaN		NaN

				3.77		3.77										NaN		NaN		NaN		NaN

				4		4										NaN		NaN		NaN		NaN

				4.36		4.36										NaN		NaN		NaN		NaN

				4.54		4.54										NaN		NaN		NaN		NaN

				4.66		4.66										NaN		NaN		NaN		NaN

				5.07		5.07										NaN		NaN		NaN		NaN

				5.39		5.39										NaN		NaN		NaN		NaN

				5.74		5.74										NaN		NaN		NaN		NaN

				7.55		7.55										NaN		NaN		NaN		NaN

				6.97		6.97

				6.97		6.97



Calibration 1 day

3 days old

7 days

14 days

21 days

Fibrinogen conc. [g/L]

Distance travelled [mm]

Stability tests

25

16.6666666667

10.3333333333

7.6666666667

3.6666666667



Blad1

												0		0		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692

												0		0		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0		0		0.5773502692		0.5773502692

												0.5773502692		0.5773502692		2.0816659995		2.0816659995		0		0		1.7320508076		1.7320508076		1		1

												1		1		1		1		1		1		0.5773502692		0.5773502692		1.5275252317		1.5275252317

												0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0		0		1		1



1,41 g/L

3,04 g/L

4,66 g/L

5,39 g/L

6,97 g/L

Fibrinogen conc. [g/L]

Distance travelled [mm]



				Normal		Low		Low+fib		6 12.05.09

				Normal		Low		Elevated		Abnormally elevated

				3.1 g/L		1.4 g/L		3.8 g/L		6.0 g/L

				16		22		14		3				3,1 g/L		1,4 g/L		3,8 g/L		6,0 g/L

				16		24		15		7				3.1		1.4		3.8		6

				15		23		13		4				3.1		1.4		3.8		6

				15		23		15		4				3.1		1.4		3.8		6

				16		24		14		4				3.1		1.4		3.8		6

				18		23		15		5				3.1		1.4		3.8		6

				17		24		15		4				3.1		1.4		3.8		6

				17		22		14		4				3.1		1.4		3.8		6

				17		24		14		7				3.1		1.4		3.8		6

				17		25		13		7				3.1		1.4		3.8		6

				16		25		14		6				3.1		1.4		3.8		6

				20		25		14		7				3.1		1.4		3.8		6

				18		25		14		6				3.1		1.4		3.8		6

				17		24		14		6				3.1		1.4		3.8		6

				17		24		14		5				3.1		1.4		3.8		6

				17		24		13		5				3.1		1.4		3.8		6

				19		22		15		7				3.1		1.4		3.8		6

				16		20		14		6				3.1		1.4		3.8		6

				18		25		15		7				3.1		1.4		3.8		6

				16		23		14		7				3.1		1.4		3.8		6

		aver		16.9		23.6		14.2		5.6

		SD		1.3		1.3		0.7		1.4

		RSD %		7.4		5.6		4.7		24.4

		RSD 10%		1.69		2.355		1.415		0.555

				18.6		25.9		15.6		6.1

				15.2		21.2		12.7		5.0

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55





		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0



Normal

Low

Elevated

Abnormally elevated



		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0



1,4 g/L

3,1 g/L

3,8 g/L

6,0 g/L



		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0



3,1 g/L

1,4 g/L

3,8 g/L

6,0 g/L

Distance travelled [mm]



		Thrombin concentration
[U/mL]		Distance travelled [mm]

				Plasma								Whole blood

				Normal		Supplemented		Normal		Supplemented

		0		-		-		-		-		16.3 ± 0.6

		5		-		-		-		-		9.0 ± 0.0

		10		-		-		-		-		6.3 ± 0.6

		25				8.0 ± 0.0		22.7 ± 0.6		19.3 ± 0.6		4.7 ± 0.6

		50		10.0 ± 0.0		3.3 ± 1.5		20.7 ± 0.6		13.3 ± 0.6		-

		100		0.0 ± 0.0		0.0 ± 0.0		15.7 ± 1.2		8.3 ± 0.6		-





 


Thrombin conc.


 [U/mL] Normal Supplemented Normal Supplemented


0 ­ ­ ­ ­ 16.3 ± 0.6


5 ­ ­ ­ ­  9.0 ± 0.0


10 ­ ­ ­ ­  6.3 ± 0.6


25 15.0 ± 0.0 8.0 ± 0.0 22.7 ± 0.6 19.3 ± 0.6  4.7 ± 0.6


50 10.0 ± 0.0 3.3 ± 1.5 20.7 ± 0.6 13.3 ± 0.6  ­


100  0.0 ± 0.0 0.0 ± 0.0 15.7 ± 1.2  8.3 ± 0.6  ­


Distance travelled [mm]


Plasma Plasma : water (1:1)


Whole blood





_1328101263.xls
calib. and Patients samples

						Fib. conc. [g/L]		Distance mm																Patients samples																PATIENTS PLASMAS

		sample no		Theor [g/L]										aver		SD		%RSD						Fib. conc. [g/L]																Calculation based on calibration curve equation																						13						Fibrinogen conc. [g/L]		Distance		SD		CV [%]		Fibrinogen conc. [g/L]		SD		CV [%]

		1		3		2.66		18		17		16		17.0		1.0		5.9						Big Lab		Distance travelled [mm]						aver		SD		RSD %				Big Lab		Distance travelled						My method fib. conc.[g/L]						aver		SD		CV [%]				14						by reference method		travelled [mm]						by developed method

		2		5		3.65		13		12		13		12.7		0.6		4.6						2.2		19		19		19		19.0		0.0		0.0				2.2		19		19		19		2.6		2.6		2.6		2.6		0.0		0.0				13						2.2		19.0		0.0		0.0		2.6		0.0		0.0				0.4

		3		7		4.66		10		10		11		10.3		0.6		5.6						2.2		22		22		22		22.0		0.0		0.0				2.2		22		22		22		1.8		1.8		1.8		1.8		0.0		0.0										2.2		22.0		0.0		0.0		1.8		0.0		0.0				-0.4

		4		9		5		11		7		11		9.7		2.3		23.9						2.5		18		21		20		19.7		1.5		7.8				2.5		18		21		20		2.8		2.1		2.3		2.4		0.4		16.4				mm		g/L				2.5		19.7		1.5		7.8		2.4		0.4		16.4				-0.1

		5		11		5.07		9		9		7		8.3		1.2		13.9						2.6		19		20		20		19.7		0.6		2.9				2.6		19		20		20		2.6		2.3		2.3		2.4		0.1		6.2				24		1.2843253866				2.6		19.7		0.6		2.9		2.4		0.1		6.2				-0.2

		6		19		6.97		4		4		3		3.7		0.6		15.7						2.7		17		18		17		17.3		0.6		3.3				2.7		17		18		17		3.1		2.8		3.1		3.0		0.1		5.0										2.7		17.3		0.6		3.3		3.0		0.1		5.0				0.3

																								2.7		17		20		19		18.7		1.5		8.2				2.7		17		20		19		3.1		2.3		2.6		2.7		0.4		14.8										2.7		18.7		1.5		8.2		2.7		0.4		14.8				-0.0

		5/14/09																						2.8		16		16		17		16.3		0.6		3.5				2.8		16		16		17		3.4		3.4		3.1		3.3		0.1		4.6										2.8		16.3		0.6		3.5		3.3		0.1		4.6				0.5

		Sample no.				Fib. conc. [g/L]		Distance [mm]																2.9		17		17		17		17.0		0.0		0.0				2.9		17		17		17		3.1		3.1		3.1		3.1		0.0		0.0				Fib conc		Distn				2.9		17.0		0.0		0.0		3.1		0.0		0.0				0.2

														aver		SD		%RSD						2.91		15		17		17		16.3		1.2		7.1				2.91		15		17		17		3.6		3.1		3.1		3.3		0.3		9.1				5.3		8.46978				2.9		16.3		1.2		7.1		3.3		0.3		9.1				0.4

		0				3.04		17		16		17		16.7		0.6		3.5						3		22		23		22		22.3		0.6		2.6				3.2		16		17		13		3.4		3.1		4.1		3.5		0.5		15.3										3.2		15.3		2.1		13.6		3.5		0.5		15.3				0.3

		2				3.77		14		14		14		14.0		0.0		0.0						3.2		16		17		13		15.3		2.1		13.6				3.4		14		15		13		3.9		3.6		4.1		3.9		0.3		6.7										3.4		14.0		1.0		7.1		3.9		0.3		6.7				0.5

		4				4.36		9		11		10		10.0		1.0		10.0						3.4		14		15		13		14.0		1.0		7.1				3.4		17		16		17		3.1		3.4		3.1		3.2		0.1		4.7										3.4		16.7		0.6		3.5		3.2		0.1		4.7				-0.2

		6				4.54		9		10		10		9.7		0.6		6.0						3.4		17		16		17		16.7		0.6		3.5				3.5		13		12		13		4.1		4.4		4.1		4.2		0.1		3.5										3.5		12.7		0.6		4.6		4.2		0.1		3.5				0.7

		8				5.39		7		8		8		7.7		0.6		7.5						3.5		13		12		13		12.7		0.6		4.6				3.8		13		15		13		4.1		3.6		4.1		4.0		0.3		7.5										3.8		13.7		1.2		8.4		4.0		0.3		7.5				0.2

		10				5.74		8		6		6		6.7		1.2		17.3						3.8		13		15		13		13.7		1.2		8.4				3.9		16		16		16		3.4		3.4		3.4		3.4		0.0		0.0										3.9		16.0		0.0		0.0		3.4		0.0		0.0				-0.5

		20				7.25		5						5.0		0.0		0.0						3.9		16		16		16		16.0		0.0		0.0				4.2		15		15		15		3.6		3.6		3.6		3.6		0.0		0.0										4.2		15.0		0.0		0.0		3.6		0.0		0.0				-0.6

		30				7.55		2		2		2		2.0		0.0		0.0						4.2		15		15		15		15.0		0.0		0.0				4.2		15		16		15		3.6		3.4		3.6		3.5		0.1		4.2										4.2		15.3		0.6		3.8		3.5		0.1		4.2				-0.7

		40				6.97		3		2		3		2.7		0.6		21.7						4.2		15		16		15		15.3		0.6		3.8				4.3		15		14		14		3.6		3.9		3.9		3.8		0.1		3.9										4.3		14.3		0.6		4.0		3.8		0.1		3.9				-0.5

		50						2						2.0		0.0		0.0						4.3		15		14		14		14.3		0.6		4.0				4.5		13		14		13		4.1		3.9		4.1		4.0		0.1		3.7										4.5		13.3		0.6		4.3		4.0		0.1		3.7				-0.5

		s44				5.56		11						11.0		0.0		0.0						4.5		13		14		13		13.3		0.6		4.3				4.8		14		14		14		3.9		3.9		3.9		3.9		0.0		0.0										4.8		11.7		0.6		4.9		3.9		0.0		0.0				-0.9

		s45				4		14		16		14		14.7		1.2		7.9						4.8		11		12		12		11.7		0.6		4.9				4.8		11		12		12		4.6		4.4		4.4		4.5		0.1		3.3										4.8		14.0		0.0		0.0		4.5		0.1		3.3				-0.3

																								4.8		14		14		14		14.0		0.0		0.0				5.2		10		10		10		4.9		4.9		4.9		4.9		0.0		0.0										5.2		10.0		0.0		0.0		4.9		0.0		0.0				-0.3

						1.03		27		27		27				27.0		0.0						5.2		10		10		10		10.0		0.0		0.0				5.2		11		10		11		4.6		4.9		4.6		4.7		0.1		3.2										5.2		10.7		0.6		5.4		4.7		0.1		3.2				-0.5

						1.34		25		24		26				25		1						5.2		11		10		11		10.7		0.6		5.4				5.3		12		10		9		4.4		4.9		5.2		4.8		0.4		8.2										5.3		10.3		1.5		14.8		4.8		0.4		8.2				-0.5

						1.41		25		25		25				25		0						5.3		12		10		9		10.3		1.5		14.8				5.6		10		9		8		4.9		5.2		5.4		5.2		0.3		5.0										5.6		9.0		1.0		11.1		5.2		0.3		5.0				-0.4

						1.81		22		26		22		24		23.5		1.9148542155						5.6		10		9		8		9.0		1.0		11.1				5.6		8		8		8		5.4		5.4		5.4		5.4		0.0		0.0										5.6		8.0		0.0		0.0		5.4		0.0		0.0				-0.2

						2.2		19		20		19				19.3333333333		0.5773502692						5.6		8		8		8		8.0		0.0		0.0				5.8		12		12		11		4.4		4.4		4.6		4.5		0.1		3.3										5.8		11.7		0.6		4.9		4.5		0.1		3.3				-1.3

																								5.8		12		12		11		11.7		0.6		4.9				5.9		8		10		9		5.4		4.9		5.2		5.2		0.3		5.0										5.9		9.0		1.0		11.1		5.2		0.3		5.0				-0.7

																								5.9		8		10		9		9.0		1.0		11.1				6.2		10		10		9		4.9		4.9		5.2		5.0		0.1		3.0										6.2		9.7		0.6		6.0		5.0		0.1		3.0				-1.2

																								6.2		10		10		9		9.7		0.6		6.0				7.5		3		3		3		6.7		6.7		6.7		6.7		0.0		0.0										7.5		3.0		0.0		0.0		6.7		0.0		0.0				-0.8

																								7.5		3		3		3		3.0		0.0		0.0																																9.3		6.3		0.6		9.1		5.9		0.1		2.6				-3.4

						Fibrinogen conc. [g/L]		Distance travelled [mm]		SD		RSD %																												9.3		6		6		7		5.9		5.9		5.7		5.9		0.1		2.6

						1.03		27.0		0.0		0												9.3		6		6		7		6.3		0.6		9.1

						1.34		25.0		1.0		4.0																				0.0		0.0

						1.41		25.0		0.0		0.0

						1.81		23.5		1.9		8.1

						2.2		19.3		0.6		3.0

						2.66		17.0		1.0		5.9

						3.04		16.7		0.6		3.5

						3.65		12.7		0.6		4.6

						3.77		14.0		0.0		0.0

						4		14.7		1.2		7.9

						4.36		10.0		1.0		10.0

						4.54		9.7		0.6		6.0

						4.66		10.3		0.6		5.6

						5.07		8.3		1.2		13.9

						5.39		7.7		0.6		7.5

						5.74		6.7		1.2		17.3

						7.55		2.0		0.0		0.0

						6.97		2.7		0.6		21.7

						6.97		3.7		0.6		15.7





calib. and Patients samples

								0		0		0		0

								1		1		0		0

								0		0		1.5275252317		1.5275252317

								1.9148542155		1.9148542155		0.5773502692		0.5773502692

								0.5773502692		0.5773502692		0.5773502692		0.5773502692

								1		1		1.5275252317		1.5275252317

								0.5773502692		0.5773502692		0.5773502692		0.5773502692

								0.5773502692		0.5773502692		0		0

								0		0		1.1547005384		1.1547005384

								1.1547005384		1.1547005384		0.5773502692		0.5773502692

								1		1		2.0816659995		2.0816659995

								0.5773502692		0.5773502692		1		1

								0.5773502692		0.5773502692		0.5773502692		0.5773502692

								1.1547005384		1.1547005384		0.5773502692		0.5773502692

								0.5773502692		0.5773502692		1.1547005384		1.1547005384

								1.1547005384		1.1547005384		0		0

								0		0		0		0

								0.5773502692		0.5773502692		0.5773502692		0.5773502692

								0.5773502692		0.5773502692		0.5773502692		0.5773502692

												0.5773502692		0.5773502692

												0.5773502692		0.5773502692

												0		0

												0		0

												0.5773502692		0.5773502692

												1.5275252317		1.5275252317

												1		1

												0		0

												0.5773502692		0.5773502692

												1		1

												0.5773502692		0.5773502692



Calibration

Patients samples

hhhh

Fibrinogen conc. [g/L]

Distance travelled [mm]



pl.vs blood calibr.

						0		0

						1		1

						0		0

						1.9148542155		1.9148542155

						0.5773502692		0.5773502692

						1		1

						0.5773502692		0.5773502692

						0.5773502692		0.5773502692

						0		0

						1.1547005384		1.1547005384

						1		1

						0.5773502692		0.5773502692

						0.5773502692		0.5773502692

						1.1547005384		1.1547005384

						0.5773502692		0.5773502692

						1.1547005384		1.1547005384

						0		0

						0.5773502692		0.5773502692

						0.5773502692		0.5773502692



Calibration

Fibrinogen conc. [g/L]

Distance travelled [mm]



Whole blood

		PLASMA										WHOLE BLOOD

		Fibrinogen conc. [g/L]		Distance travelled [mm]		SD		RSD %				Fibrinogen conc. [g/L]		Distance travelled [mm]		SD		RSD %

		1.03		27.0		0.0		0				1.56		14.0		1.0		7.1

		1.34		25.0		1.0		4.0				1.7		12.7		1.2		9.1

		1.41		25.0		0.0		0.0				2.07		13.0		0.0		0.0

		1.81		23.5		1.9		8.1				2.29		12.7		0.6		4.6

		2.2		19.3		0.6		3.0				2.4		10.3		0.6		5.6

		2.66		17.0		1.0		5.9				2.6		10.4		1.1		10.9

		3.04		16.7		0.6		3.5				2.7		9.7		1.2		11.9

		3.65		12.7		0.6		4.6				3.04		11.3		1.2		10.2

		3.77		14.0		0.0		0.0				3.29		10.7		1.5		14.3

		4		14.7		1.2		7.9				4.27		10.0		0.0		0.0

		4.36		10.0		1.0		10.0				4.9		10.0		0.0		0.0

		4.54		9.7		0.6		6.0				5.55		8.3		0.6		6.9

		4.66		10.3		0.6		5.6				8.86		6.0		0.0		0.0

		5.07		8.3		1.2		13.9

		5.39		7.7		0.6		7.5

		5.74		6.7		1.2		17.3

		6.97		3.7		0.6		15.7

		6.97		2.7		0.6		21.7

		7.55		2.0		0.0		0.0

												distance

												18		2.8357552878





Whole blood

						0		0		1		1

						1		1		1.1547005384		1.1547005384

						0		0		0		0

						1.9148542155		1.9148542155		0.5773502692		0.5773502692

						0.5773502692		0.5773502692		0.5773502692		0.5773502692

						1		1		1.133893419		1.133893419

						0.5773502692		0.5773502692		1.1547005384		1.1547005384

						0.5773502692		0.5773502692		1.1547005384		1.1547005384

						0		0		1.5275252317		1.5275252317

						1.1547005384		1.1547005384		0		0

						1		1		0		0

						0.5773502692		0.5773502692		0.5773502692		0.5773502692

						0.5773502692		0.5773502692		0		0

						1.1547005384		1.1547005384

						0.5773502692		0.5773502692

						1.1547005384		1.1547005384

						0.5773502692		0.5773502692

						0.5773502692		0.5773502692

						0		0

						NaN		NaN



Plasma

Whole blood

Fibrinogen concentration [g/L]

Distance travelled [mm]



my vs standard

				Thrombin conc [U/mL]								Distance travelled [mm]		SD		RSD [%]						Thrombin conc. [U/mL]		Distance travelled [mm]		SD		CV [%]

				25		5		4		5		4.67		0.58		12.37						25		4.7		0.6		12.4

				10		7		6		6		6.33		0.58		9.12						10		6.3		0.6		9.1

				5		8		7		8		7.67		0.58		7.53						5		7.7		0.6		7.5

				2.5		9		9		9		9.00		0.00		0.00						2.5		9.0		0.0		0.0

				no Thrombin		16		17		16		16.33		0.58		3.53						no Thrombin		16.3		0.6		3.5

						Distance mm

																aver		SD		%RSD				Fib. conc. [g/L]		aver		SD		CV [%]

						15		14		13		14				14.0		1.0		7.1				1.56		14.0		1.0		7.1

						12		12		14		12		13		12.7		1.2		9.1				1.7		12.7		1.2		9.1

				Fib. conc. [g/L]		14		14								14.0		0.0		0.0				2.07		13.0		0.0		0.0

		sample no				13		13		13						13.0		0.0		0.0				2.29		12.7		0.6		4.6

		1		1.56		13		13		12						12.7		0.6		4.6				2.4		10.3		0.6		5.6

		2		1.7		10		10		11						10.3		0.6		5.6				2.6		10.4		1.1		10.9

		3		1.95												0.0		0.0		0.0				2.7		9.7		1.2		11.9

		4		2.07												0.0		0.0		0.0				3.04		11.3		1.2		10.2

		5		2.29		6		6		6		6				6.0		0.0		0.0				3.29		10.7		1.5		14.3

		6		2.4		9		8		8						8.3		0.6		6.9				4.27		10.0		0.0		0.0

		7		2.56		10		10								10.0		0.0		0.0				4.9		10.0		0.0		0.0

		8		2.54		10		10		10						10.0		0.0		0.0				5.55		8.3		0.6		6.9

		9		8.86		11		9		12						10.7		1.5		14.3				8.86		6.0		0.0		0.0

		10		5.55		12		10		12						11.3		1.2		10.2

		11		4.9		7		10		12						9.7		2.5		26.0

		12		4.27												0.0		0.0		0.0

		13		3.29		9		11		9						9.7		1.2		11.9

		14		3.04		9		11		11		11		9		10.2		1.0		9.7

		15		2.75										10

		16		2.96

		17		2.7

		N		2.6



Plasma

Whole blood

Fibrinogen concentration [g/L]

Distance travelled [mm]

0

0

1

1

1

1

1.1547005384

1.1547005384

0

0

0

0

1.9148542155

1.9148542155

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0.5773502692

1

1

1.133893419

1.133893419

0.5773502692

0.5773502692

1.1547005384

1.1547005384

0.5773502692

0.5773502692

1.1547005384

1.1547005384

0

0

1.5275252317

1.5275252317

1.1547005384

1.1547005384

0

0

1

1

0

0

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0

0

1.1547005384

1.1547005384

0.5773502692

0.5773502692

1.1547005384

1.1547005384

0.5773502692

0.5773502692

0.5773502692

0.5773502692

0

0

NaN

NaN



my vs standard

		0		1		1

		0		1.1547005384		1.1547005384

		0		0		0

		0		0.5773502692		0.5773502692

		0		0.5773502692		0.5773502692

		0		1.133893419		1.133893419

		0		1.1547005384		1.1547005384

		0		1.1547005384		1.1547005384

		0		1.5275252317		1.5275252317

		0		0		0

		0		0		0

		0		0.5773502692		0.5773502692

		0		0		0



Distance travelled [mm]

Fibrinogen conc. [g/L]

Whole blood

0

0

0

0

0

0

0

0

0

0

0

0

0



Aging studies

		

		Fibrinogen conc. [g/L]

		Routine hospital method		My assay		SD for my method

		2.2		2.6		0.0				0.4

		2.2		1.8		0.0				-0.4

		2.6		2.4		0.1				-0.2

		2.7		3.0		0.1				0.3

		2.7		2.7		0.4				-0.0

		2.8		3.3		0.1				0.5

		2.9		3.1		0.0				0.2

		3.2		3.5		0.5				0.3

		3.4		3.2		0.1				-0.2

		3.5		4.2		0.1				0.7

		3.9		3.4		0.0				-0.5

		4.2		3.6		0.0				-0.6

		4.2		3.5		0.1				-0.7

		4.3		3.8		0.1				-0.5

		4.8		3.9		0.0				-0.9

		4.8		4.5		0.1				-0.3

		5.2		4.7		0.1				-0.5

		5.6		5.2		0.3				-0.4

		5.6		5.4		0.0				-0.2

		5.8		4.5		0.1				-1.3

		5.9		5.2		0.3				-0.7

		6.2		5.0		0.1				-1.2

		7.5		6.7		0.0				-0.8

		9.3		5.9		0.1





Aging studies

		0		0		0

		0		0		0

		0		0.1492864119		0.1492864119

		0		0.1492864119		0.1492864119

		0		0.3949747199		0.3949747199

		0		0.1492864119		0.1492864119

		0		0		0

		0		0.5382598127		0.5382598127

		0		0.1492864119		0.1492864119

		0		0.1492864119		0.1492864119

		0		0		0

		0		0		0

		0		0.1492864119		0.1492864119

		0		0.1492864119		0.1492864119

		0		0		0

		0		0.1492864119		0.1492864119

		0		0.1492864119		0.1492864119

		0		0.2585716502		0.2585716502

		0		0		0

		0		0.1492864119		0.1492864119

		0		0.2585716502		0.2585716502

		0		0.1492864119		0.1492864119

		0		0		0



Routine hospital method, (fib. conc. g/L)

My assay, (fib. conc. g/L)

Patients samples - correlation of both methods

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Precision

														3 days														7 days														14 days														21 days

				Fibrinogen conc. [g/L]		Distance travelled [mm]		SD		RSD %										aver		SD		RSD										aver		SD		RSD										aver		SD		RSD										aver		SD		RSD

				1.03		27.0		0.0		0

				1.34		25.0		1.0		4.0

				1.41		25.0		0.0		0.0				26		26		26		26		0		0				26		26		27		26.3333333333		0.5773502692		2.1924693767				25		26		27		26		1		3.8461538462				27		27		27		27		0		0

				1.81		23.5		1.9		8.1

				2.2		19.3		0.6		3.0

				2.66		17.0		1.0		5.9

				3.04		16.7		0.6		3.5				16		15		16		15.6666666667		0.5773502692		3.6852144842				18		14		17		16.3333333333		2.0816659995		12.7448938743				16		17		15		16		1		6.25				20		19		18		19		1		5.2631578947

				3.65		12.7		0.6		4.6

				3.77		14.0		0.0		0.0

				4		14.7		1.2		7.9

				4.36		10.0		1.0		10.0

				4.54		9.7		0.6		6.0

				4.66		10.3		0.6		5.6				10		11		10		10.3333333333		0.5773502692		5.5872606696				10		10		10		10		0		0				9		11		10		10		1		10				11		11		12		11.3333333333		0.5773502692		5.0942670811

				5.07		8.3		1.2		13.9

				5.39		7.7		0.6		7.5				8		8		8		8		0		0				7		7		10		8.00		1.7320508076		21.6506350946				9		10		10		9.6666666667		0.5773502692		5.9725889916				11		11		11		11		0		0

				5.74		6.7		1.2		17.3

				7.55		2.0		0.0		0.0

				6.97		2.7		0.6		21.7

				6.97		3.7		0.6		15.7				3		4		3		3.3333333333		0.5773502692		17.3205080757				2		4		3		3		1		33.3333333333				4		5		2		3.6666666667		1.5275252317		41.6597790451				6		5		7		6		1		16.6666666667

		Fibrinogen conc. [g/L]		1.41						3.04						4.66						5.39						6.97

		Storage time [days]		Distance [mm]		SD		RSD [%]		Distance [mm]		SD		RSD [%]		Distance [mm]		SD		RSD [%]		Distance [mm]		SD		RSD [%]		Distance [mm]		SD		RSD [%]

		1		25.0		0.0		0.0		16.7		0.6		3.5		10.3		0.6		5.6		7.7		0.6		7.5		3.7		0.6		15.7

		3		26.0		0.0		0.0		15.7		0.6		3.7		10.3		0.6		5.6		8.0		0.0		0.0		3.3		0.6		17.3

		7		26.3		0.6		2.2		16.3		2.1		12.7		10.0		0.0		0.0		8.0		1.7		21.7		3.0		1.0		33.3

		14		26.0		1.0		3.8		16.0		1.0		6.3		10.0		1.0		10.0		9.7		0.6		6.0		3.7		1.5		41.7

		21		26.7		0.6		2.2		18.7		0.6		3.1		11.3		0.6		5.1		11.0		0.0		0.0		6.0		1.0		16.7

		Fibrinogen conc. [g/L]				Storage time [days]												Expected distance from calibration curve

						1		3		7		14		21

		1,41 g/L		Distance [mm]		25.0		26.0		26.3		26.0		26.7				23.513966

				SD		0.0		0.0		0.6		1.0		0.6

				RSD [%]		0.0		0.0		2.2		3.8		2.2

		3,04 g/L		Distance [mm]		16.7		15.7		16.3		16.0		18.7				17.210104

				SD		0.6		0.6		2.1		1.0		0.6

				RSD [%]		3.5		3.7		12.7		6.3		3.1

		4,66 g/L		Distance [mm]		10.3		10.3		10.0		10.0		11.3				10.944916

				SD		0.6		0.6		0.0		1.0		0.6

				RSD [%]		5.6		5.6		0.0		10.0		5.1

		5,39 g/L		Distance [mm]		7.7		8.0		8.0		9.7		11.0				8.121714

				SD		0.6		0.0		1.7		0.6		0.0

				RSD [%]		7.5		0.0		21.7		6.0		0.0

		6,97 g/L		Distance [mm]		3.7		3.3		3.0		3.7		6.0				2.011222

				SD		0.6		0.6		1.0		1.5		1.0

				RSD [%]		15.7		17.3		33.3		41.7		16.7

																		3.4304700833

																		3.1718984331

																		2.6547551326

				1.41

				3.04

				4.66

				5.39

				6.97





Precision

		1.41		1.03		1.03		1.41				0		0		NaN		NaN		NaN		NaN		1		1

		3.04		1.34		1.34		3.04				0.5773502692		0.5773502692		NaN		NaN		NaN		NaN

		4.66		1.41		1.41		4.66				0.5773502692		0.5773502692		NaN		NaN		NaN		NaN

		5.39		1.81		1.81		5.39				0.5773502692		0.5773502692		NaN		NaN		NaN		NaN

		6.97		2.2		2.2		6.97				0.5773502692		0.5773502692		NaN		NaN		NaN		NaN

				2.66		2.66										NaN		NaN		NaN		NaN

				3.04		3.04										NaN		NaN		NaN		NaN

				3.65		3.65										NaN		NaN		NaN		NaN

				3.77		3.77										NaN		NaN		NaN		NaN

				4		4										NaN		NaN		NaN		NaN

				4.36		4.36										NaN		NaN		NaN		NaN

				4.54		4.54										NaN		NaN		NaN		NaN

				4.66		4.66										NaN		NaN		NaN		NaN

				5.07		5.07										NaN		NaN		NaN		NaN

				5.39		5.39										NaN		NaN		NaN		NaN

				5.74		5.74										NaN		NaN		NaN		NaN

				7.55		7.55										NaN		NaN		NaN		NaN

				6.97		6.97

				6.97		6.97



Calibration 1 day

3 days old

7 days

14 days

21 days

Fibrinogen conc. [g/L]

Distance travelled [mm]

Stability tests

25

16.6666666667

10.3333333333

7.6666666667

3.6666666667



Blad1

												0		0		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692

												0		0		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0		0		0.5773502692		0.5773502692

												0.5773502692		0.5773502692		2.0816659995		2.0816659995		0		0		1.7320508076		1.7320508076		1		1

												1		1		1		1		1		1		0.5773502692		0.5773502692		1.5275252317		1.5275252317

												0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0.5773502692		0		0		1		1



1,41 g/L

3,04 g/L

4,66 g/L

5,39 g/L

6,97 g/L

Fibrinogen conc. [g/L]

Distance travelled [mm]



				Normal		Low		Low+fib		6 12.05.09

				Normal		Low		Elevated		Abnormally elevated

				3.1 g/L		1.4 g/L		3.8 g/L		6.0 g/L

				16		22		14		3				3,1 g/L		1,4 g/L		3,8 g/L		6,0 g/L

				16		24		15		7				3.1		1.4		3.8		6

				15		23		13		4				3.1		1.4		3.8		6

				15		23		15		4				3.1		1.4		3.8		6

				16		24		14		4				3.1		1.4		3.8		6

				18		23		15		5				3.1		1.4		3.8		6

				17		24		15		4				3.1		1.4		3.8		6

				17		22		14		4				3.1		1.4		3.8		6

				17		24		14		7				3.1		1.4		3.8		6

				17		25		13		7				3.1		1.4		3.8		6

				16		25		14		6				3.1		1.4		3.8		6

				20		25		14		7				3.1		1.4		3.8		6

				18		25		14		6				3.1		1.4		3.8		6

				17		24		14		6				3.1		1.4		3.8		6

				17		24		14		5				3.1		1.4		3.8		6

				17		24		13		5				3.1		1.4		3.8		6

				19		22		15		7				3.1		1.4		3.8		6

				16		20		14		6				3.1		1.4		3.8		6

				18		25		15		7				3.1		1.4		3.8		6

				16		23		14		7				3.1		1.4		3.8		6

		aver		16.9		23.6		14.2		5.6

		SD		1.3		1.3		0.7		1.4

		RSD %		7.4		5.6		4.7		24.4

		RSD 10%		1.69		2.355		1.415		0.555

				18.6		25.9		15.6		6.1

				15.2		21.2		12.7		5.0

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55

				16.9		23.6		14.15		5.55





		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0



Normal

Low

Elevated

Abnormally elevated



		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0



1,4 g/L

3,1 g/L

3,8 g/L

6,0 g/L



		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0



3,1 g/L

1,4 g/L

3,8 g/L

6,0 g/L

Distance travelled [mm]



		Thrombin concentration
[U/mL]		Distance travelled [mm]

				Plasma								Whole blood

				Normal		Supplemented		Normal		Supplemented

		0		-		-		-		-		16.3 ± 0.6

		5		-		-		-		-		9.0 ± 0.0

		10		-		-		-		-		6.3 ± 0.6

		25				8.0 ± 0.0		22.7 ± 0.6		19.3 ± 0.6		4.7 ± 0.6

		50		10.0 ± 0.0		3.3 ± 1.5		20.7 ± 0.6		13.3 ± 0.6		-

		100		0.0 ± 0.0		0.0 ± 0.0		15.7 ± 1.2		8.3 ± 0.6		-





 


Thrombin conc.


 [U/mL] Normal Supplemented Normal Supplemented


0 ­ ­ ­ ­ 16.3 ± 0.6


5 ­ ­ ­ ­  9.0 ± 0.0


10 ­ ­ ­ ­  6.3 ± 0.6


25 15.0 ± 0.0 8.0 ± 0.0 22.7 ± 0.6 19.3 ± 0.6  4.7 ± 0.6


50 10.0 ± 0.0 3.3 ± 1.5 20.7 ± 0.6 13.3 ± 0.6  ­


100  0.0 ± 0.0 0.0 ± 0.0 15.7 ± 1.2  8.3 ± 0.6  ­


Distance travelled [mm]


Plasma Plasma : water (1:1)


Whole blood
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						aPTT-SP [Hemosil]														Cephalinex [BioData]

		24h

						CT		SD		RSD		% red. in CT		SD		RSD				CT		SD		RSD		% red. in CT		SD		RSD

				blank		1922		325		17										2186		481		22												0				aPTT-SP [silica/synthetic PL]		a

				dried 0U		88		39		44		95		2		2				288		55		19		87		3		4						0.5				Cephalinex [silica/rabbit brain PL]		b

				liquid 0U		82		39		48		96		2		2				116		9		8		95		1		1						0.75				C.K.Prest2 [kaolin/rabbit brain PL]		c

				dried 0.5U		138		42		30		93		2		2				272		58		21		87		4		4						1				SynthASIL [silica/synthetic PL]		d

				liquid 0.5U		152		62		41		92		3		3				150		0		0		93		1		2						2				Platelin LS [silica/porcine &chicken PL]		e

				dried 0.75U		168		53		32		91		3		3				288		55		19		87		3		4

				liquid 0.75U		178		54		31		91		3		3				180		6		3		92		2		2

				dried 1U		186		57		31		90		3		3				316		68		22		85		4		4

				liquid 1U		204		52		26		89		3		3				194		9		5		91		2		2

				dried 2U		258		63		25		86		3		4				390		68		17		82		3		4

				liquid 2U		318		61		19		83		3		4				258		6		2		88		3		3

		2 weeks

						CT		SD		RSD		% red. in CT		SD		RSD				CT		SD		RSD		% red. in CT		SD		RSD

				blank		1816		155		9										1914		53		3

				dried 0U		266		34		13		85		1		1				284		19		7		85		1		2

				liquid 0U		114		16		14		94		0		0				104		7		7		95		0		0

				dried 0.5U		360		43		12		80		2		3				316		28		9		83		2		2

				liquid 0.5U		188		20		11		90		1		1				150		0		0		92		0		0

				dried 0.75U		413		49		12		77		3		4				332		35		10		83		2		3

				liquid 0.75U		222		22		10		88		0		0				164		12		8		91		0		0

				dried 1U		436		87		20		76		5		6				330		10		3		83		1		1

				liquid 1U		238		27		11		87		1		1				187		6		3		90		0		0

				dried 2U		542		96		18		70		5		8				400		24		6		79		2		2

				liquid 2U		342		39		12		81		1		1				227		23		10		88		1		1

						C.K.Prest 2 [Stago D.]														SynthASIL [Hemosil]

		24h

						CT		SD		RSD		% red. in CT		SD		RSD				CT		SD		RSD		% red. in CT		SD		RSD

				blank		1973		84		4										2612		639		24

				dried 0U		96		16		17		95		1		1				194		54		28		92		4		4

				liquid 0U		42		10		25		98		1		1				150		26		17		94		2		2

				dried 0.5U		172		21		12		91		1		1				296		43		15		88		4		5

				liquid 0.5U		106		15		14		95		1		1				288		12		4		88		3		4

				dried 0.75U		220		35		16		89		2		2				351		8		2		86		4		5

				liquid 0.75U		136		15		11		93		1		1				358		24		7		86		3		4

				dried 1U		242		36		15		88		2		2				421		12		3		83		4		5

				liquid 1U		162		16		10		92		1		1				408		16		4		84		4		5

				dried 2U		338		74		22		83		3		4				806		35		4		68		7		10

				liquid 2U		232		15		7		88		1		1				810		40		5		67		10		14

		2 weeks

						CT		SD		RSD		% red. in CT		SD		RSD				CT		SD		RSD		% red. in CT		SD		RSD

				blank		2148		136		6										1859		163		9

				dried 0U		268		23		8		87		1		2				293		43		15		84		3		4

				liquid 0U		40		17		43		98		1		1				172		19		11		91		1		1

				dried 0.5U		500		21		4		77		2		2				470		67		14		74		5		7

				liquid 0.5U		98		19		20		95		1		1				284		12		4		85		1		1

				dried 0.75U		654		22		3		69		2		4				581		32		5		68		4		6

				liquid 0.75U		124		27		22		94		2		2				338		21		6		82		2		2

				dried 1U		838		106		13		61		7		12				671		48		7		64		5		8

				liquid 1U		150		30		20		93		2		2				402		24		6		78		1		1

				dried 2U																1170		94		8		36		10		27

				liquid 2U		236		30		13		89		2		2				796		28		4		57		2		4

						Platelin LS [Bx]

		24h

						CT		SD		RSD		% red. in CT		SD		RSD

				blank		2484		469		19

				dried 0U		468		16		3		81		4		5

				liquid 0U		82		14		17		97		0		0

				dried 0.5U		602		18		3		75		5		7

				liquid 0.5U		140		17		12		94		0		0

				dried 0.75U		737		97		13		69		11		16

				liquid 0.75U		150		12		8		94		1		1

				dried 1U		880		97		11		63		11		17

				liquid 1U		170		12		7		93		1		1

				dried 2U		946		137		15		61		11		17

				liquid 2U		232		14		6		90		1		2

		2 weeks

						CT		SD		RSD		% red. in CT		SD		RSD

				blank		1272		572		45

				dried 0U		1566		416		27		-47		78		-168

				liquid 0U		108		21		19		90		5		5

				dried 0.5U		1517		367		24		-26		22		-85

				liquid 0.5U		140		7		5		88		5		6

				dried 0.75U		1222		53		4		-9		42		-486

				liquid 0.75U		166		14		8		85		6		7

				dried 1U		1640		87		5		-43		45		-107

				liquid 1U		196		24		12		82		8		10

				dried 2U

				liquid 2U		240						88
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aPTT-SP [Hemosil]

Cephalinex [BioData]

C.K.Prest 2 [Stago D.]

SynthASIL [Hemosil]

Heparin [units]

Reduction in clotting time [%]

24h and 2 weeks stability test- % red. in CT
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blue - dried
orange - liquid

dried 0U

Red. in CT [%]
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aPTT-SP [Hemosil]

Cephalinex [BioData]

C.K.Prest 2 [Stago D.]

SynthASIL [Hemosil]

Platelin LS [Bx]

CT values for dried over 24h
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		0		0		0		38.574603044		38.574603044		54.4426303553		54.4426303553		15.8745078664		15.8745078664

		0		0		0		42		42		43.4050688284		43.4050688284		18.4323085912		18.4323085912

		0		0		0		53.3291665039		53.3291665039		7.9372539332		7.9372539332		97.0412283517		97.0412283517

		0		0		0		57.236352085		57.236352085		11.7189305542		11.7189305542		97.1802449061		97.1802449061

		0		0		0		63.4980314656		63.4980314656		35.1567916625		35.1567916625		137.3283777423		137.3283777423



aPTT-SP [Hemosil]

SynthASIL [Hemosil]

Platelin LS [Bx]

Heparin [units]

CT [s]

CT values for dried over 24h

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		39.0384425919		39.0384425919		26.1533936612		26.1533936612		13.8564064606		13.8564064606

		0		0		0		62.449979984		62.449979984		12		12		17.3205080757		17.3205080757

		0		0		0		54.4426303553		54.4426303553		24.248711306		24.248711306		12		12

		0		0		0		52.3067873225		52.3067873225		15.8745078664		15.8745078664		12.2780291578		12.2780291578

		0		0		0		60.8933493906		60.8933493906		40.0343602422		40.0343602422		13.8564064606		13.8564064606



aPTT-SP [Hemosil]

SynthASIL [Hemosil]

Platelin LS [Bx]

Heparin [units]

CT [s]

CT for 24h liquid

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		0		0		0		34.1174442185		34.1174442185		42.9272640638		42.9272640638		415.6921938165		415.6921938165

		0		0		0		43.2666153056		43.2666153056		67.4388612003		67.4388612003		366.6174209354		366.6174209354

		0		0		0		49.1807889323		49.1807889323		31.6872739966		31.6872739966		53.4048999		53.4048999

		0		0		0		87.4299719776		87.4299719776		48.0702610769		48.0702610769		86.6025403784		86.6025403784

		0		0		0		96.2496753241		96.2496753241		93.7229961109		93.7229961109		NaN		NaN



aPTT-SP [Hemosil]

SynthASIL [Hemosil]

Platelin LS [Bx]

Heparin [units]

CT [s]

CT for 2weeks dried

0

0

0

0

0

0

0

0
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0

0

0

0

0



		0		0		0		15.8745078664		15.8745078664		19.287301522		19.287301522		20.7846096908		20.7846096908

		0		0		0		19.843134833		19.843134833		12.4899959968		12.4899959968		6.9282032303		6.9282032303

		0		0		0		21.6333076528		21.6333076528		21.0713075057		21.0713075057		13.8564064606		13.8564064606

		0		0		0		27.0554985169		27.0554985169		24		24		24.248711306		24.248711306

		0		0		0		39.3446311458		39.3446311458		28.3548937575		28.3548937575		0		0



aPTT-SP [Hemosil]

SynthASIL [Hemosil]

Platelin LS [Bx]

Heparin [units]

CT [s]

CT 2 weeks liquid
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						aPTT-SP														Cephalinex

																																				Heparin
[U/mL]		aPTT-SP		Cephalinex		C.K.Prest 2		SynthASIL		Platelin LS

				Heparin [U]		CT		SD		RSD		% red. in CT		SD		RSD				CT		SD		RSD		% red. in CT		SD		RSD

		24h		blank		1922		325		17										2186		481		22										24h

				0		88		39		44		95		1.90		2.00				288		55		19		87		3.14		3.63						0		0.89		2.95		2.38		1.62		6.30

				0.5		138		42		30		93		2.11		2.28				272		58		21		87		3.83		4.39						0.5		0.80		2.04		1.71		1.39		5.49

				0.75		168		53		32		91		2.59		2.84				288		55		19		87		3.45		3.99						0.75		0.83		1.88		1.72		1.36		5.96

				1		186		57		31		90		2.98		3.30				316		68		22		85		3.56		4.17						1		0.83		1.87		1.57		1.40		6.16

				2		258		63		25		86		3.23		3.74				390		68		17		82		3.28		4.01						2		0.77		1.81		1.47		1.34		5.17

		2 weeks		blank		1816		155		9										1914		53		3										2 weeks

				0		266		34		13		85		0.70		0.82				284		19		7		85		1.44		1.69						0		2.54		2.54		7.23		1.74		10.79

				0.5		360		43		12		80		2.37		2.96				316		28		9		83		1.93		2.31						0.5		1.98		2.08		5.42		1.57		7.09

				0.75		413		49		12		77		3.41		4.41				332		35		10		83		2.32		2.81						0.75		1.93		1.90		5.56		1.60		5.06

				1		436		87		20		76		4.69		6.18				330		10		3		83		1.03		1.25						1		1.84		1.71		5.94		1.58		5.88

				2		542		96		18		70		5.33		7.61				400		24		6		79		1.86		2.36						2		1.54		1.63		-		1.38		-

		liquid		blank		1869		235		13										2050		341		17												Heparin
[U/mL]		aPTT-P		aPTT SA		Dapttin		TriniCLOT		TriniCLOT HS

				0		98		32		33		95		1.62		1.71				110		10		9		95		0.86		0.91

				0.5		170		46		27		91		2.37		2.61				150		0		0		93		0.99		1.07				24h

				0.75		200		44		22		89		2.34		2.62				172		12		7		91		1.16		1.26						0		2.92		2.68		1.37		1.91		1.73

				1		221		42		19		88		2.19		2.49				190		8		4		91		1.05		1.16						0.5		2.37		2.18		1.28		1.48		1.49

				2		330		48		14		82		2.27		2.76				242		23		9		88		1.79		2.03						0.75		2.02		2.01		1.22		1.38		1.53

																																				1		2.06		2.00		1.19		1.31		1.41

						C.K.Prest 2														SynthASIL																2		1.79		2.12		0.98		1.19		1.24

				Heparin [U]		CT		SD		RSD		% red. in CT		SD		RSD				CT		SD		RSD		% red. in CT		SD		RSD				2 weeks

		24h		blank		1973		84		4										2612		639		24												0		5.67		2.94		1.64		8.44		1.74

				0		96		16		17		95		1.01		1.06				194		54		28		92		3.93		4.27						0.5		4.76		2.43		1.33		9.77		1.42

				0.5		172		21		12		91		1.01		1.11				296		43		15		88		4.31		4.90						0.75		4.28		2.30		1.13		8.93		1.28

				0.75		220		35		16		89		1.90		2.14				351		8		2		86		3.89		4.53						1		4.52		2.19		1.11		9.66		1.32

				1		242		36		15		88		1.74		1.99				421		12		3		83		3.84		4.61						2		3.89		2.25		0.93		-		1.09

				2		338		74		22		83		3.30		3.99				806		35		4		68		7.02		10.32

		2 weeks		blank		2148		136		6										1859		163		9

				0		268		23		8		87		1.47		1.68				293		43		15		84		3.21		3.82

				0.5		500		21		4		77		1.71		2.23				470		67		14		74		5.36		7.20

				0.75		654		22		3		69		2.43		3.50				581		32		5		68		4.32		6.31

				1		838		106		13		61		7.17		11.81				671		48		7		64		5.01		7.87

				2		x		x		x		x		x		x				1170		94		8		36		10.02		27.45

		liquid		blank		2060		139		7										2236		587		26

				0		41		13		31		98		0.68		0.69				161		24		15		92		2.32		2.51

				0.5		102		16		16		95		0.98		1.03				286		11		4		87		3.07		3.54

				0.75		130		21		16		94		1.28		1.37				348		23		7		84		3.25		3.87

				1		156		22		14		92		1.46		1.58				405		18		5		81		3.86		4.76

				2		234		21		9		89		1.48		1.67				810		36		4		57		2.05		3.61

						Platelin LS														APTT-P

						CT		SD		RSD		% red. in CT		SD		RSD				CT		SD		RSD		% red. in CT		SD		RSD

		24h		blank		2484		469		19										1876		386		21

				0		468		16		3		81		3.66		4.54				218		19		9		88		2.73		3.10

				0.5		602		18		3		75		5.03		6.69				270		10		4		85		2.21		2.59

				0.75		737		97		13		69		10.87		15.76				276		10		4		85		2.27		2.67

				1		880		97		11		63		10.69		16.90				296		37		12		84		1.53		1.81

				2		946		137		15		61		10.51		17.31				368		9		2		80		3.28		4.10

		2 weeks		blank		1272		572		45										1812		67		4

				0		1566		416		27		-47		78.24		-168.07				438		135		31		76		8.13		10.75

				0.5		1517		367		24		-26		22.01		-85.21				562		63		11		69		4.22		6.13

				0.75		1222		53		4		-9		42.10		-486.43				606		37		6		67		1.67		2.50

				1		1640		87		5		-43		45.45		-106.83				674		49		7		63		3.99		6.36

				2		x		x		x		x		x		x				830		23		3		54		2.81		5.19

		liquid		blank		1878		812		43										1844		227		12

				0		95		21		22		93		4.75		5.09				72		11		16		96		0.71		0.74

				0.5		140		12		8		91		4.84		5.32				110		3		3		94		0.30		0.32

				0.75		158		15		9		89		6.21		6.94				132		0		0		93		0.18		0.19

				1		183		22		12		88		7.75		8.85				139		7		5		92		0.57		0.61

				2		234		12		5		90		1.84		2.05				199		7		4		89		0.12		0.13

						aPTT-SA														Dapttin

						CT		SD		RSD		% red. in CT		SD		RSD				CT		SD		RSD		% red. in CT		SD		RSD

		24h		blank		2348		285		12										2010		182		9

				0		184		24		13		92		0.84		0.91				126		6		5		94		0.68		0.73

				0.5		250		57		23		89		2.56		2.86				186		16		9		91		0.72		0.79

				0.75		260		75		29		89		3.37		3.79				212		30		14		89		0.66		0.74

				1		284		58		21		88		2.90		3.30				226		19		9		89		0.10		0.11

				2		358		84		23		85		3.86		4.56				290		15		5		86		0.81		0.95

		2 weeks		blank		1522		319		21										1509		345		23

				0		314		127		41		78		13.27		17.04				200		17		9		86		2.34		2.71

				0.5		434		185		43		69		19.08		27.52				256		23		9		83		2.27		2.75

				0.75		462		186		40		67		19.54		29.00				262		23		9		82		2.36		2.86

				1		484		237		49		66		23.55		35.91				280		49		17		81		1.32		1.63

				2		592		200		34		58		22.48		38.53				369		21		6		75		5.12		6.84

		liquid		blank		1852		240		13										1760		264		16

				0		83		1		2		96		1.91		2.00				95		1		1		95		1.20		1.27

				0.5		139		5		4		93		2.76		2.99				150		3		2		91		1.60		1.75

				0.75		156		8		5		92		2.94		3.21				180		3		2		90		1.95		2.17

				1		172		6		3		91		3.46		3.81				196		3		1		89		2.47		2.77

				2		204		51		25		89		1.53		1.72				307		49		16		83		6.48		7.85

						Triniclot-S														Triniclot-HS

						CT		SD		RSD		% red. in CT		SD		RSD				CT		SD		RSD		% red. in CT		SD		RSD

		24h		blank		1754		80		5										2529		102		4

				0		180		52		29		90		3.54		3.95				174		18		10		93		0.98		1.05

				0.5		190		64		34		89		4.27		4.79				234		16		7		91		0.93		1.02

				0.75		208		54		26		88		3.70		4.21				274		28		10		89		1.58		1.78

				1		216		43		20		88		3.08		3.52				268		39		14		89		1.40		1.57

				2		274		80		29		84		5.41		6.42				348		49		14		86		1.87		2.17

		2 weeks		blank		1640		225		14										1754		52		3

				0		850		131		15		48		8.99		18.85				252		18		7		86		1.45		1.70

				0.5		1342		359		27		18		21.73		122.46				322		9		3		82		0.93		1.14

				0.75		1439		222		15		12		12.07		101.64				330		16		5		81		1.47		1.81

				1		1705		254		15		-5		15.77		-341.55				360		26		7		79		2.11		2.66

				2		x		x		x		x		x		x				442		55		12		75		3.82		5.11

		liquid		blank		1657		24		1										2142		77		3

				0		85		7		8		95		0.72		0.76				131		35		27		94		3.33		3.54

				0.5		116		6		5		93		0.74		0.79				204		6		3		90		2.79		3.09

				0.75		136		3		2		92		0.31		0.34				233		4		2		89		2.67		3.00

				1		149		1		1		91		0.44		0.48				247		4		2		88		3.26		3.68

				2		208		0		0		88		0.68		0.78				366		11		3		83		3.98		4.80

				avarage of blanks

				1943		303.6056110972		15.6262583076

		MULTIPLIER VALUES

				24h		2 weeks		liquid																		Min %CV		Max %CV

		aPTT-SP		0.99		0.93		0.96																24h		3		44.00

		Cephalinex		1.13		0.99		1.06																2 weeks		7		41.00

		C.K.Prest2		1.02		1.11		1.06																liquid		1		33.00

		SynthASIL		1.34		0.96		1.15

		Platelin LS		1.28		0.65		0.97

		aPTT-P		0.97		0.93		0.95

		aPTT-SA		1.21		0.78		0.95

		Dapttin		1.03		0.78		0.91

		Triniclot-S		0.90		0.84		0.85

		Triniclot-HS		1.30		0.90		1.10





		0		0		0		3.5397367756		3.5397367756		8.9927548655		8.9927548655		0.7216359792		0.7216359792

		0.5		0.5		0.5		4.2659392757		4.2659392757		21.726157636		21.726157636		0.735271789		0.735271789

		0.75		0.75		0.75		3.7047367394		3.7047367394		12.0672805732		12.0672805732		0.3104052431		0.3104052431

		1		1		1		3.079092301		3.079092301		15.772298411		15.772298411		0.4384428061		0.4384428061

		2		2		2		5.409507429		5.409507429		0		0		0.6839904685		0.6839904685



24h

2 weeks

liquid

Heparin [U]

Reduction in clotting time [%]

a

89.6316457267

47.7184938597

94.9529865004

89.0388152327

17.7416848414

93.1101994092

88.0295795237

11.8723068114

91.9296369144

87.5954658622

-4.6177959345

91.1547181647

84.2156489264

0

87.6411341986



		0		0		0		1.9043914532		1.9043914532		0.6965821343		0.6965821343		1.6173260183		1.6173260183

		0		0		0		3.1395034033		3.1395034033		1.440675564		1.440675564		0.8577213291		0.8577213291

		0		0		0		1.0106318281		1.0106318281		1.4684588749		1.4684588749		0.6799456843		0.6799456843

		0		0		0		3.9279652803		3.9279652803		3.212834252		3.212834252		2.31772296		2.31772296

		0		0		0		3.6609670137		3.6609670137		78.2359065372		78.2359065372		4.752090546		4.752090546

		0		0		0		2.725559966		2.725559966		8.1331109344		8.1331109344		0.7095796596		0.7095796596

		0		0		0		0.8405435195		0.8405435195		13.2664726706		13.2664726706		1.9108545104		1.9108545104

		0		0		0		0.6833358603		0.6833358603		2.3421789915		2.3421789915		1.1975950403		1.1975950403

		0		0		0		3.5397367756		3.5397367756		8.9927548655		8.9927548655		0.7216359792		0.7216359792

		0		0		0		0.9771488893		0.9771488893		1.453647869		1.453647869		3.3256144426		3.3256144426
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liquid

% reduction in clotting time
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																																Reagent		Form				Intercept [s]				Max. SD [s]		Max. CV [%]				Reagent		Form		Slope		Intercept				Max. SD [s]		Max. RSD [%]

																																aPTT-SP		Liquid		113.6		107.2		0.99		48		33				aPTT-SP		L		113.6		107.2		0.99		48		33

				Heparin [U]		CT		SD		RSD		% red. in CT		SD		RSD		circle - 24 h																24 h		84.0		96.2		0.99		63		44						24 h		84		96.2		0.99		63		44

		24h		blank		1754		80		5								square - 2 weeks																14 days		134.3		289.2		0.96		96		20						2 w		134.3		289.2		0.96		96		20

				0		180		52		29		90		4		4		triangle - liquid														Cephalinex		Liquid		65.5		117.3		0.98		23		9				Cephalinex		L		65.5		117.3		0.98		23		9

				0.5		190		64		34		89		4		5																		24 h		57.8		261.6		0.83		68		22						24 h		57.8		261.6		0.83		68		22

				0.75		208		54		26		88		4		4																		14 days		56.5		284.4		0.98		35		10						2 w		56.5		284.4		0.98		35		10

				1		216		43		20		88		3		4																C.K. Prest 2		Liquid		95.0		51.9		0.98		22		31				C.K.Prest 2		L		95		51.9		0.98		22		31

				2		274		80		29		84		5		6																		24 h		118.7		112.7		0.97		74		22						24 h		118.7		112.7		0.97		74		22

																																		14 days		561.8		249.0		0.99		106		13						2 w		561.8		249.0		0.99		106		13

		2 weeks		blank		1640		225		14																						SynthASIL		Liquid		327.5		123.6		0.98		36		15				SynthASIL		L		327.5		123.6		0.98		36		15

				0		850		131		15		48		9		19																		24 h		312.1		148.4		0.97		54		28						24 h		312.1		148.4		0.97		54		28

				0.5		1342		359		27		18		22		122																		14 days		443.1		260.2		0.99		94		15						2 w		443.1		260.2		0.99		94		15

				0.75		1439		222		15		12		12		102																Platelin LS		Liquid		68.6		103.6		0.98		22		22				Platelin LS		L		68.6		103.6		0.98		22		22

				1		1705		254		15		-5		16		-342																		24 h		244.6		518.6		0.85		137		15						24 h		244.6		518.6		0.85		137		15

				2		x		x		x		x		x		x																		14 days		(-53.2)		1516		0.02		416		27						2 w		-53.2		1516		0.02		416		27

																																aPTT-P		Liquid		62.2		77.5		0.99		11		16				aPTT-P		L		62.2		77.5		0.99		11		16

		liquid		blank		1657		24		1																								24 h		72.8		223.7		0.99		37		12						24 h		72.8		223.7		0.99		37		12														REAGENT		MULTIPLIER VALUE

				0		85		7		8		95		1		1																		14 days		193.6		457.4		0.99		135		31						2 w		193.6		457.4		0.99		135		31																24h		2 weeks		liquid

				0.5		116		6		5		93		1		1																aPTT-SA		Liquid		56.2		103.7		0.90		51		25				aPTT-SA		L		56.2		103.7		0.90		51		25														aPTT-SP		0.99		0.93		0.96

				0.75		136		3		2		92		0		0																		24 h		83.8		196.0		0.98		84		29						24 h		83.8		196.0		0.98		84		29														Cephalinex		1.13		0.99		1.06

				1		149		1		1		91		0		0																		14 days		131.1		345.8		0.95		237		49						2 w		131.1		345.8		0.95		237		49														C.K.Prest2		1.02		1.11		1.06

				2		208		0		0		88		1		1																Dapttin		Liquid		105.1		96.3		1.0		49		16				Dapttin		L		105.1		96.3		1.0		49		16														SynthASIL		1.34		0.96		1.15

																																		24 h		79.1		140.8		0.96		30		14						24 h		79.1		140.8		0.96		30		14														Platelin LS		1.28		0.65		0.97

																																		14 days		82.1		203.6		0.99		49		17						2 w		82.1		203.6		0.99		49		17														aPTT-P		0.97		0.93		0.95

																																Alexin		Liquid		61.4		86.6		1.0		7		8				Triniclot-S		L		61.4		86.6		1.0		7		8														aPTT-SA		1.21		0.78		0.95

																																		24 h		48.7		172.2		0.97		80		34						24 h		48.7		172.2		0.97		80		34														Dapttin		1.03		0.78		0.91

																																		14 days		829.5		867.4		0.98		359		27						2 w		829.5		867.4		0.98		359		27														Triniclot S		0.90		0.84		0.85

																																Alexin-HS		Liquid		114.5		138.9		0.99		35		27				Triniclot-HS		L		114.5		138.9		0.99		35		27														Triniclot HS		1.30		0.90		1.10

																																		24 h		83.3		118.8		0.95		49		14						24 h		83.3		118.8		0.95		49		14

																																		14 days		91.7		263.1		0.98		55		12						2 w		91.7		263.1		0.98		55		12

																																				113.6		84.0		134.3

																																				65.5		57.8		56.5

																																				95.0		118.7		561.8

		24h																																		327.5		312.1		443.1

		Reagent		Heparin sensitivity
(slope)		Normal CT
(intercept)				RSD %		SD

		aPTT-SP		-4.43		94.97		0.99		3.74		3.23

		Cephalinex		-2.62		87.72		0.84		4.39		3.83																								68.6		244.6		(-53.2)

		C.K.Prest2		-5.99		94.26		0.97		3.99		3.30																								62.2		72.8		193.6

		SynthASIL		-12.19		93.78		0.97		10.32		7.02																								56.2		83.8		131.1

		Platelin LS		-10.22		78.45		0.84		17.31		10.87																								105.1		79.1		82.1

		aPTT-P		-3.93		87.8		0.99		4.10		3.28																								61.4		48.7		829.5

		aPTT-SA		-3.61		91.62		0.98		4.56		3.86																								114.5		83.3		91.7

		Dapttin		-5.64		86.29		0.98		0.95		0.81

		Alexin		-2.8		90.09		0.97		6.42		5.41

		Alexin-HS		-3.28		92.51		0.95		2.17		1.87

		2 weeks

		Reagent		Heparin sensitivity
(slope)		Normal CT
(intercept)				RSD %		SD

		aPTT-SP		-7.45		84.06		0.96		7.61		5.33

		Cephalinex		-2.95		85.11		0.98		2.81		2.32

		C.K.Prest2		-26.38		88.41		0.99		11.81		7.17

		SynthASIL		-24.04		85.87		0.99		27.45		10.02

		Platelin LS		13.83		-38.67		0.12		-486.43		78.24

		aPTT-P		-10.64		74.63		0.99		10.75		8.13

		aPTT-SA		-9.21		75.53		0.94		38.53		23.55

		Dapttin		-6.35		94.3		1		6.84		5.12

		Alexin		-22.11		33.34		0.63		-341.55		21.73

		Alexin-HS		-5.25		84.98		0.98		5.11		3.82

		liquid

		Reagent		Heparin sensitivity
(slope)		Normal CT
(intercept)				RSD %		SD

		aPTT-SP		-6.13		94.25		0.99		2.76		2.37

		Cephalinex		-3.24		94.18		0.98		2.03		1.79

		C.K.Prest2		-4.63		97.45		0.98		1.67		1.48

		SynthASIL		-17.92		95.37		0.96		4.76		3.86

		Platelin LS		-1.71		91.69		0.36		8.85		7.75

		aPTT-P		-3.43		95.81		0.99		0.74		0.71

		aPTT-SA		-3.09		94.49		0.89		3.81		3.46

		Dapttin		-3.94		92.99		0.97		7.85		6.48

		Alexin		-3.65		94.86		1		0.78		0.68

		Alexin-HS		-5.4		93.14		0.99		4.80		3.98
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0

0

0
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		0		0		0		3.5397367756		3.5397367756		8.9927548655		8.9927548655		0.7216359792		0.7216359792

		0.5		0.5		0.5		4.2659392757		4.2659392757		21.726157636		21.726157636		0.735271789		0.735271789

		0.75		0.75		0.75		3.7047367394		3.7047367394		12.0672805732		12.0672805732		0.3104052431		0.3104052431

		1		1		1		3.079092301		3.079092301		15.772298411		15.772298411		0.4384428061		0.4384428061

		2		2		2		5.409507429		5.409507429		0		0		0.6839904685		0.6839904685



24h

2 weeks

liquid

Heparin [U]

Reduction in clotting time [%]

e

89.6316457267

47.7184938597

94.9529865004

89.0388152327

17.7416848414

93.1101994092

88.0295795237

11.8723068114

91.9296369144

87.5954658622

-4.6177959345

91.1547181647

84.2156489264

0

87.6411341986



		0		0		0		0.9771488893		0.9771488893		35.3553390593		35.3553390593		3.3256144426		3.3256144426

		0.5		0.5		0.5		0.929641437		0.929641437		5.6568542495		5.6568542495		2.7940525178		2.7940525178

		0.75		0.75		0.75		1.5849651732		1.5849651732		4.2426406871		4.2426406871		2.6745344965		2.6745344965

		1		1		1		1.4049232756		1.4049232756		4.2426406871		4.2426406871		3.2571635986		3.2571635986

		2		2		2		1.8708794649		1.8708794649		11.313708499		11.313708499		3.9767581429		3.9767581429



% Red-24h

% Red-2week

%Red-Liq

Heparin Conc (U/ml)

% Reduction in Clotting Time

Heparin Dose Response Curve - Triniclot-HS

93.0963905594

85.6044085479

93.8832684825

90.7268280752

81.6260987316

90.4747081712

89.1252010201

81.1570955826

89.1206225681

89.4069547808

79.4346369879

88.46692607

86.236578769

74.7635713885

82.9105058366



		0		0		0		2.725559966		2.725559966		8.1331109344		8.1331109344		0.7095796596		0.7095796596

		0.5		0.5		0.5		2.2110756938		2.2110756938		4.224501876		4.224501876		0.2998739556		0.2998739556

		0.75		0.75		0.75		2.2714913603		2.2714913603		1.6656962514		1.6656962514		0.1757307975		0.1757307975

		1		1		1		1.5252996312		1.5252996312		3.9857739903		3.9857739903		0.5686289158		0.5686289158

		2		2		2		3.2803184102		3.2803184102		2.8098353584		2.8098353584		0.1186515707		0.1186515707



% Red-24h

% Red-2week

%Red-Liq

Heparin Conc (U/ml)

% Reduction in Clotting Time

Heparin Dose Response Curve - APTT-P

88.0356266714

75.6407526976

96.0954446855

85.3041421542

68.9028104974

94.0347071584

84.9760180653

66.5574460247

92.84164859

84.0423303509

62.7066088862

92.4620390456

79.9338197879

54.126545095

89.2082429501



		0		0		0		0.8405435195		0.8405435195		16.5337112922		16.5337112922		1.9108545104		1.9108545104

		0.5		0.5		0.5		2.5550570527		2.5550570527		23.6401715142		23.6401715142		2.7634101001		2.7634101001

		0.75		0.75		0.75		3.3668488696		3.3668488696		23.9619206975		23.9619206975		2.9433022612		2.9433022612

		1		1		1		2.8961384757		2.8961384757		29.6261052327		29.6261052327		3.4603256573		3.4603256573

		2		2		2		3.8584806122		3.8584806122		25.8546452408		25.8546452408		1.5329477188		1.5329477188



% Red-24h

% Red-2week

% Red-Liq

Heparin Conc (U/ml)

Reduction in clotting time [%]

Heparin Dose Response Curve - APTT-SA

92.1455988631

74.2526757275

95.5183585313

89.3037832031

64.0067659802

92.5215982721

88.8771407511

61.7712228223

91.5766738661

87.7979011887

59.3724652304

90.7127429806

84.6659100994

50.7943102459

88.9848812095



		0		0		0		2.3421789915		2.3421789915		1.1975950403		1.1975950403		0.6833358603		0.6833358603

		0.5		0.5		0.5		2.2740455413		2.2740455413		1.5971046408		1.5971046408		0.7161785638		0.7161785638

		0.75		0.75		0.75		2.3562146339		2.3562146339		1.9493659397		1.9493659397		0.664901912		0.664901912

		1		1		1		1.3226262384		1.3226262384		2.4656423405		2.4656423405		0.0967501039		0.0967501039

		2		2		2		5.1193510724		5.1193510724		6.4783397375		6.4783397375		0.8146222119		0.8146222119



% Red-2week

% Red-Liq

% Red-24h

Heparin Conc (U/ml)

% Reduction in Clotting Time

Heparin Dose Response Curve - Dapttin

86.4222903035

94.5976684674

93.6934942991

82.6969604152

91.4700028433

90.7227811312

82.286669492

89.764003412

89.4822266935

81.2902799562

88.8541370486

88.7520679633

74.8136297003

82.5419391527

85.5287279231



		aPTT-SP		-7.45		-6.13		3.2298790068		3.2298790068		5.3335956792		5.3335956792		2.3685590266		2.3685590266

		Cephalinex		-2.95		-3.24		3.8277209301		3.8277209301		2.3200222029		2.3200222029		1.789024578		1.789024578

		C.K.Prest2		-26.38		-4.63		3.3049593905		3.3049593905		7.1681837075		7.1681837075		1.4777751636		1.4777751636

		SynthASIL		-24.04		-17.92		7.0197719508		7.0197719508		10.0156042516		10.0156042516		3.86		3.86

		Platelin LS		13.83		-1.71		10.8689143777		10.8689143777		78.2359065372		78.2359065372		7.7539775058		7.7539775058

		aPTT-P		-10.64		-3.43		3.2803184102		3.2803184102		8.1331109344		8.1331109344		0.71		0.71

		aPTT-SA		-9.21		-3.09		3.8584806122		3.8584806122		23.55		23.55		3.46		3.46

		Dapttin		-6.35		-3.94		0.8146222119		0.8146222119		5.1193510724		5.1193510724		6.48		6.48

		Alexin		-22.11		-3.65		5.41		5.41		21.73		21.73		0.68		0.68

		Alexin-HS		-5.25		-5.4		1.8708794649		1.8708794649		3.8222579707		3.8222579707		3.98		3.98



24h

2 weeks

liquid

Slope

-4.43

-2.62

-5.99

-12.19

-10.22

-3.93

-3.61

-5.64

-2.8

-3.28
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