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ABSTRACT 

Haemostatic disorders cause excessive bleeding and clotting and result in high 

morbidity and mortality worldwide, but especially in low-income areas which often lack 

suitable facilities and expertise for affordable diagnosis and treatment. Simple and low-

cost haemostasis tests in such areas would permit diagnosis and effective treatment 

and thus reduce the associated morbidity and mortality. In a quest to provide simple, 

affordable, and yet effective haemostasis tests for low resource areas, this project 

utilised simple materials in the form of chromatography paper, coupled with inexpensive 

fabrication techniques such as wax printing and drop-casting to develop a number of 

low-cost and easy-to-use lateral flow devices for testing for haemostasis dysfunctions.  

The devices developed in this project were all fabricated using the same basic 

techniques and procedures. Firstly, lateral flow test strip formats were designed using 

Microsoft PowerPoint and printed onto chromatography papers using wax printing. The 

printed papers were cured in an oven at 100oC for two minutes, allowing wax to sink to 

make a hydrophobic boundary. The strips were then modified with appropriate 

reagent(s) via drop-casting and allowed to air dry before being cut and inserted into test  

strip holders. The strip holders were fabricated using 3D printing and were equipped 

with elevated rails to ensure that samples only flowed through the paper, a millimetric 

graduation scale to measure the distances travelled by the samples, and an opening for 

sample deposition and the visual monitoring of sample flow. 

In all, two paper-based lateral flow coagulation assay devices were developed, and the 

effect of platelet aggregation on sample flow was also investigated, and which were all 

based on the principle that coagulation or aggregation would alter the flow rate, or 

distance travelled by the sample. Assay development for each device began with 

isolating the effect of either coagulation or platelet adhesion/aggregation on sample flow 

rates from other contributions such as sample viscosity or reagent deposition. These 

coagulation or aggregation effects were then enhanced via optimising the relevant 

analytical parameters such as the type and amount of reagent immobilised on assay 

strips, sample volume, and strip geometry. Optimized formats of the devices were then 

calibrated and validated against routine reference methods using artificially constructed 

and clinical samples. 

The first coagulation testing device was developed to measure fibrinogen concentration 

in blood plasma and provided results within five minutes. This device had good 
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agreement with an established reference method for fibrinogen concentrations of 0.5 to 

7.0 mg/mL. The second coagulation testing device was a prothrombin assay and 

measured the effect on clotting in distance rather than in time. The distance values from 

the device had a good correlation with prothrombin time (PT) values from a reference 

routine hospital method (r=0.849) for samples with PT values ≤40.0 s. The device for 

platelet aggregation on lateral flow strips could distinguish dysfunctional platelet 

samples from normal ones (p<0.05) based on the difference in their travel distances. In 

addition, it showed a strong correlation between platelet count and sample distance 

(r=0.996) and Aggregation Effect (r=0.886). This means it could also potentially test for 

quantitative platelet disorders.   

In summary, two novel paper-based lateral flow coagulation testing devices have been 

developed. In addition, platelet aggregation and its effect on sample flow have been 

determined thus laying the foundation for development of a lateral flow platelet function 

analyser. These devices have the potential for deployment and incorporation into 

healthcare delivery systems in low-income areas to alleviate morbidity and mortality 

associated with bleeding and clotting disorders. 
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1. INTRODUCTION 
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1.1 An overview of haemostasis 

Haemostasis is the body’s innate mechanism to minimise and halt bleeding in the event 

of injury. A malfunction of this process results in either excessive bleeding or clotting. 

Disorders of haemostasis lead to excessive blood loss, e.g., post-partum haemorrhage 

(PPH), prolonged menstrual periods, intestinal bleeding, and frequent epistaxis; or 

excessive clotting which results in venous thromboembolism (VT), myocardial infarction 

(MI), and thromboembolic strokes (Hoffbrand and Steensma, 2019). Haemostatic 

disorders are among the leading causes of morbidity and mortality worldwide. 

Identification and proper management of these disorders require  the use of reliable and 

rapid testing methods to allow appropriate and effective treatment. Mortality rates are 

especially high in resource scarce settings, partly due to a lack of access to testing and 

treatment. This has prompted the development of haemostasis testing technologies that 

are appropriate for resource poor regions such as low cost, and simplicity (Guler et al., 

2018; Dudek et al., 2010). Successful development of such technologies depends on a 

clear understanding of the physiological processes involved in the haemostatic 

response and the abnormalities that lead to haemostatic disorders. 

 

Haemostasis is a balance between clot formation and clot prevention/removal and is 

brought about by complex interactions involving vascular endothelium, platelets, and 

coagulation proteins (Hoffbrand et al., 2015) (Fig. 1.1). In response to vascular damage, 

haemostasis occurs in three main stages – primary and secondary haemostasis and 

fibrinolysis. The initial response to injury, termed primary haemostasis is brought about 

by blood vessels and platelets. It starts with the localised contraction of smooth vascular 

muscle cells (vasoconstriction) to reduce blood flow to the area. Vasoconstriction is 

mainly triggered by the sympathetic nervous system and endothelein-1, a peptide 

released from endothelial cells and platelets. The exposure of sub-endothelial matrix 

(collagen, laminin, microfibrils, and Von Willebrand Factor (vWF)) stimulates platelet 

adhesion and aggregation at the site of vascular damage, leading to the formation of 

the primary haemostatic plug (Hoffbrand et al., 2015). This plug temporarily stops 

bleeding and provides phospholipid (PL) membrane surface for assembly of the 

coagulation factors and deposition of fibrin fibres in the formation of the secondary 

haemostatic plug. Platelets also promote wound healing by producing platelet-derived 

growth factor (PDGF) which stimulates cell division in vascular smooth muscle cells 

(Hoffbrand and Steensma, 2019).  
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Fig. 1.1. The haemostatic response. Vascular damage triggers vasoconstriction causing 

reduced blood flow. Endothelial damage exposes collagen and releases Von Willebrand Factor 

(vWF) , resulting in platelet adhesion and  activation. Release of tissue factor (TF) results in the 

initiation of the coagulation cascade. Aggregated platelets form a plug which is cross-linked by 

fibrin produced from the coagulation cascade, leading to formation of the secondary 

haemostatic plug (blood clot). The extent of coagulation is controlled and limited to the site of 

damage by coagulation inhibitors. Clot is removed after healing by fibrinolysis involving plasmin. 

Adopted with permission from Hoffbrand’s Essential Haematology, 8th ed (Hoffbrand and 

Steensma, 2019).  

Secondary haemostasis is the stage during which the fibrin clot is formed over and 

within the platelet plug, converting it into a stronger haemostatic plug which permanently 

stops bleeding. This involves the coagulation cascade (Fig. 1.2), which is a series of 

reactions involving sequential activation of proteolytic enzymes called coagulation 

factors (Table 1.1), that generates thrombin and forms the fibrin clot. The inactive forms 

of these enzymes, called zymogens are named using Roman numerals and their active 

forms are indicated by adding the suffix “a” to the numeral (Palta et al., 2014). 

Coagulation is predominantly initiated by the exposure of tissue factor (TF) from the 

damaged endothelium to the circulating blood, which then binds with, and activates 

Factor VII (FVII) (the extrinsic tenase complex). In the presence of Ca2+ and the PL 

surface. This, in turn activates FX to FXa. The reactions from exposure of TF down to 

the activation of FX is termed the ‘extrinsic pathway’. The coagulation cascade is also 

initiated through an ‘intrinsic pathway’ which starts from activation of FXII via its 

interaction with collagen from the damaged endothelium. FX is activated by FIXa, VIIIa, 

Ca2+ and PLs (intrinsic tenase complex) via this pathway. 
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Table 1.1. Coagulation factors and their functions (Palta et al., 2014). 

Factor Other name Function 

FI Fibrinogen Clot formation, platelet adhesion & aggregation  

FII  Prothrombin  
                                          

Activates FI, FV, FVII, FVIII, FXI, FXIII, Protein C and 
platelets 

FIII Tissue factor Activates VII, VIIa co factor 

FIV Calcium Co factor, facilitates factor binding to phospholipids 

FV Labile factor X-prothrombinase co factor  

FVII Proconvertin Activates FIX and FX 

FVIII Antihaemophilia factor A IX-tenase complex co factor 

FIX Christmas factor Activates FX, component of FVIII-FIX tenase complex 

FX Stuart factor Activates FII, forms prothrombinase complex with FV 

FXI Plasma thromboplastin antecedent Activates FIX 

FXII Hageman factor Activates FXI, FVII, and prekallikrien  

FXIII Fibrin stabilizing factor Fibrin crosslinking, wound healing 

HMWK High molecular weight kininogen Co factor, binding fibrinogen to phospholipid surface 

PKK Prekallikrien Serine protease, vasodilation 

 

From prothrombin, the common pathway generates thrombin which then converts 

fibrinogen into fibrin molecules (Douglas, 2000). Fibrin molecules bind non-covalently 

with one another to form fibres and the fibres are stabilised via covalent crosslinking by 

FXIII.  

 

Fig. 1.2. The coagulation cascade. Coagulation is triggered predominantly through the extrinsic 

pathway, initiated by exposure of TF, and also through the intrinsic pathway, initiated by 

exposure of FXII to the damaged vessel. Both pathways converge into a common pathway 

which generates thrombin that converts fibrinogen into fibrin fibres. The fibrin fibres are 

stabilised through cross linking by FXIII. Adopted with permission from “Laboratory Evaluation 

of Hemostasis Disorders” (Leonardi, 2019a).   
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The extent of clot formation is regulated by anticoagulants (Table 1.2) such as 

antithrombin, tissue factor pathway inhibitor (TFPI), protein C (PC) and protein S (PS). 

  Table 1.2. Natural anticoagulants (Dorgalaleh, Danshi and Rashidpanah, 2018).  

Name Function 

Antithrombin (AT) Inhibits Thrombin, FXa, FIXa, and FVIIa  

Tissue factor pathway inhibitor (TFPI) Inhibits TF/FVIIa complex, FVa, and FXa 

Protein C (PC) Degrades FVa and FVIIIa 

Protein S (PS) Protein C cofactor 

Thrombomodulin (TM) Binds to thrombin and enhance PC activation 

Endothelial protein C receptor (EPCR) Promotes activated protein C (APC) generation 

Heparin Enhances the effect of AT 

Heparin sulphate Enhances the effect of AT 

Heparin cofactor II Inhibits thrombin 

Dermatan sulphate Enhances inhibitory effect of heparin cofactor II 

 

 

Fig. 1.3. The fibrinolytic system. Plasminogen is activated to plasmin by plasminogen activators: 

tissue plasminogen activator (tPA) and urokinase plasminogen activator (uPA). Plasmin then 

breaks down the fibrin clot into fibrin degradation products (FDPs). Fibrinolysis is controlled by 

plasminogen activator inhibitors (PAI 1 & PAI 2) which deactivate plasminogen activators; α2-

antiplasmin (α2AP) and α2-macroglobulin (α2MG), which directly inhibits plasmin, and thrombin-

activatable fibrinolysis inhibitor (TAFI, activated by Thrombin), which inhibits the conversion of 

fibrin clot into FDPs (Mehic et al., 2021).  
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After tissue repair, the fibrin clot breaks down into fibrin degradation products in a 

process called fibrinolysis. The fibrinolytic system (Fig. 1.3) consists of plasminogen 

(plasmin precursor), plasminogen activators, plasmin (which breaks down the fibrin 

clot), and fibrinolytic inhibitors: α2-antiplasmin (α2AP) α2-macroglobulin (α2-MG), 

plasminogen activator inhibitors I and II (PAI 1 and PAI 2), and thrombin-activatable 

fibrinolysis inhibitor (TAFI) (Mehic et al., 2021; Chapin and Hajjar, 2015). 

Abnormalities in any of the components/processes involved in haemostasis can upset 

the haemostatic balance and potentially lead to excessive bleeding, excessive clotting, 

or a combination of the two i.e., disseminated intravascular coagulation (DIC).  

 

1.2 Bleeding and coagulation disorders 

Bleeding and coagulation disorders are haemostatic problems characterised by a wide 

range of symptoms including: easy bruising, frequent and prolonged epistaxis, 

gastrointestinal bleeding, prolonged menstrual periods, recurrent bleeding from 

wounds, and extended bleeding after minor traumas such as small cuts, injections, and 

dental procedures.  These cause mild to excessive blood loss  depending on the severity 

of the condition which are due to either slow/inadequate clot formation or increased clot 

lysis. Severe sequelae such as haematoma, heavy postpartum haemorrhage, and 

intracerebral haemorrhage can be life threatening or even fatal (Hoffbrand and 

Steensma, 2019).  

 

Bleeding and coagulation disorders are a result of a malfunction or deficiency of at least 

one of the components of the haemostatic system, e.g., vascular abnormalities, platelet 

abnormalities, or deficiency of coagulation factors. Vascular abnormalities include: 

haemorrhagic telangiectasia, Ehlers-Danlos syndrome, pseudoxanthoma and giant 

cavernous haemangioma (McKenzie and Williams, 2010). Platelet abnormalities result 

from either low platelet count (thrombocytopenia) or abnormal platelet function (e.g., 

Glanzmann’s disease, Bernard-Soulier syndrome, and storage pool disease). 

Coagulation factor deficiencies are quantitative or functional abnormalities of the 

proteins involved in the coagulation cascades that result in clotting failure or abnormal 

clotting. Notable abnormalities are: deficiency of FVIII (Haemophilia A), FIX 

(Haemophilia B) and vWF (Von Willebrand disease [vWD]). Both Haemophilia A and B 

are recessive X-linked genetic disorders while vWD is a heterogeneous autosomal 
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dominant disorder. Deficiency of other coagulation factors such as FV, FII and FI also 

exist but are comparatively rare (Hoffbrand and Steensma, 2019). 

 

Fibrinolytic and anticoagulant disorders also result in bleeding problems depending on 

the nature of the disorder. For instance, excessive activity of coagulation inhibitors e.g. 

antithrombin, TFPI, PC  etc. lead to reduced clot formation while  decreased activity of 

fibrinolysis inhibitors (PAI-1 & 2, TAFI, and α2AP) (Fig. 1.3) result in excessive clot lysis 

(Leonardi, 2019a). Development of antibodies to coagulation factors such as FVIII and 

vWF are also reported to cause bleeding abnormalities (Hoffbrand and Steensma, 

2019). 

 

Illnesses such as cancers, liver disease and kidney disease, bone marrow disorder, 

hypothyroidism and vitamin K deficiency are associated causes of haemostatic 

abnormalities since they influence the production or activity of components of the 

haemostatic system, especially platelets, coagulation factors and inhibitors. Heavy 

blood loss and massive transfusion can also significantly contribute to bleeding 

disorders due to loss and dilution of coagulation factors and reduced activity of stored 

platelets used in transfusion (Hoffbrand and Steensma, 2019).  

 

1.3 Thrombotic disorders 

Thrombotic disorders are characterised by inappropriate or excessive clotting that forms 

solid masses (thrombi) in circulation, which potentially obstruct blood vessels and lead 

to ischaemia and eventually tissue damage. The tendency to form thrombi in circulation 

(thrombophilia) increases the risk of thrombotic events including: deep vein thrombosis 

(DVT), cerebrovascular thrombosis (CVT), pulmonary embolism (PE) and myocardial 

infarction (MI) as well as arterial thrombosis (Hoffbrand and Steensma, 2019). It is 

believed that over two million people in the USA die every year from thrombotic 

conditions (Shirlyn, 2010). Venous thrombosis e.g., DVT result from slow blood 

flow/stasis, vessel wall damage and blood hypercoagulability. Reduction or cessation in 

blood flow which is often due to immobility, paralysis, or ventricular dysfunction, allows 

accumulation of clotting factors and the formation of thrombi in veins. Vessel wall 

damage from trauma, surgery, venepuncture, and chemical irritation exposes TF and 

PAI-1, activates the coagulation system, and leads to spontaneous clot formation in 

some individuals. Hypercoagulable states are due either to increased activity/production 

of coagulation factors or deficiency in activity of coagulation inhibitors. Other conditions 



20 
 

associated with venous thrombosis include: pregnancy, malignancy, anti-phospholipid 

syndrome, inflammation, blood disorders, hyperhomocysteinaemia, and oestrogen 

therapy (Leonardi, 2019a). 

 

Arterial thromboses mainly result from the formation of atherosclerotic plaques in 

arteries which sometimes rupture, exposing procoagulants such as TF, collagen and 

vWF. This leads to platelet adhesion/activation and formation of clots that extend into 

vessel lumen, obstructing blood flow. Recurrent clotting and healing also cause 

regrowth of endothelial cells and thickening of the vessel wall, further inhibiting blood 

flow and causing ischaemia (Shirlyn, 2010). Risk factors include diabetes, 

hyperlipidaemia, gout, hyperhomocysteinaemia, Behçet’s disease, ECG abnormalities, 

obesity, physical inactivity, and cigarette smoking. Indicators of arterial thrombosis 

include elevated fibrinogen, D-dimer, C-reactive protein (CRP), and PAI-1 as well as 

decreased tPA. However, these signs are not specific for arterial thrombosis, but 

thromboses in general. 

 

DIC is the combined effect of thrombosis and haemorrhage and is the result of 

uncontrolled and widespread activation of the coagulation system that emanates from 

loss of localisation and inability of the anticoagulants to regulate thrombin generation 

(Wada et al., 2014). It is typically a consequence of an underlying condition such as: 

sepsis, severe infections, trauma, malignancy, obstetric problems, vascular 

malfunctions, liver disease, and immunological reactions (Levi, 2018; Wada et al., 

2014). The underlying disease causes over-expression of TF, driving uncontrolled and 

disseminated generation of thrombin and results in excessive consumption of platelets, 

coagulation factors, and anticoagulants, as well as deposition and lysis of fibrin clots in 

blood vessels, consequently resulting in bleeding and thrombosis (Levi, 2018; 

Papageorgiou et al., 2018).  

 

1.4 Conventional haemostasis tests 

Investigation of haemostatic disorders starts with physical examination of the patient for 

symptoms; checking patient history for bleeding patterns; and family history for inherited 

disorders. This guides subsequent laboratory investigations which may include full 

blood count, blood film, and clotting time tests (Leonardi, 2019; Shirlyn, 2010). Testing 

for bleeding disorders was first performed using the bleeding time test, measuring the 

time it takes for blood to stop flowing from pierced skin, about 3,000 years ago. 
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However, it was not until the 1900s when coagulation disorders were determined using 

a bedside bleeding time test, following the discovery that clotting is accelerated when 

blood comes into contact with surfaces such as glass and certain biological tissues like 

placenta (Harris et al., 2013). Improved understanding of the coagulation system has 

led to the development of the current clotting time tests: thrombin time (TT), prothrombin 

time (PT), and activated partial thromboplastin time (aPTT) which are used to assess 

the different pathways of the coagulation cascade (Fig. 1.4). Abnormal clotting times 

indicate a quantitative or functional deficiency of the clotting factors or the presence of 

an inhibitor (Harris, Castro-López and Killard, 2013). Further understanding of the 

coagulation system has led to the emergence of many new assay techniques, including 

those based on platelet adhesion and aggregation. Principles and techniques used in 

these clot-based and platelet-based assays have further been used to develop 

automated coagulation tests to reduce human error and assay time (Harris et al., 2016). 

 

 

Fig. 1.4. Clotting time tests. Prothrombin time assesses the extrinsic and common pathways; 

Activated partial thromboplastin time, the intrinsic and common pathways; and Thrombin time, 

the rate of conversion of fibrinogen to fibrin clot respectively. Adopted with permission from 

“Laboratory Evaluation of Hemostasis Disorders” (Leonardi, 2019; Harris, Castro-López and 

Killard, 2013). TF = Tissue factor, PLs = Phospholipids, CA = Contact activator. 
 

 

1.4.1 Thrombin time/quantitative fibrinogen (Clauss) assay  

Also called thrombin clotting time (TCT), thrombin time (TT) is a measure of the rate of 

conversion of fibrinogen to fibrin clot in the presence of excess thrombin. An exogenous 

thrombin is added to citrated plasma and the time it takes for clotting to start is 

measured. Depending on the reagent used, the reference range for TT is around 10 to 
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16 seconds, with a prolonged TT indicating low fibrinogen concentration, low fibrinogen 

activity, or the presence of a thrombin inhibitor. TT is also used in qualitative monitoring 

of thrombin inhibition-based anticoagulants such as dabigatran and argatroban 

(Leonardi, 2019a).  

 

The fibrinogen assay is the quantitative measurement of functional fibrinogen in plasma, 

and it is based on the thrombin time test. In the assay, the thrombin times of various 

fibrinogen standards are produced and plotted onto a graph of TT versus fibrinogen 

concentration. With the fibrinogen level inversely proportional to thrombin time, the 

fibrinogen level in the unknown sample is determined from the graph using the TT value 

of the unknown. The unknown and each of the fibrinogen standards is typically diluted 

to 1/10 with imidazole prior to taking the measurements (Shirlyn, 2010). The normal 

range of fibrinogen in human plasma is 2 to 4 mg/mL. A low fibrinogen concentration 

may indicate disorders such as dysfibrinogenaemia, hypofibrinogenaemia, 

afibrinogenaemia, DIC, or liver disease. Increased fibrinogen concentration could be 

due to inflammatory disorders, pregnancy, or use of certain contraceptives. Antigenic 

fibrinogen assay (which determines total fibrinogen concentration) and functional 

fibrinogen assay (which determines active fibrinogen concentration), when used 

together, distinguish dysfibrinogenaemia from hypofibrinogenaemia (Shirlyn 2010). 

 

1.4.2 Prothrombin time  

As indicated in Fig. 1.4, prothrombin time (PT) is used to evaluate the extrinsic and 

common coagulation pathways. It uses tissue thromboplastin (TF and PLs) which has 

been traditionally extracted from animal sources such as rabbit brain, to trigger the 

coagulation cascade. Currently, many commercial PT reagents contain a recombinant 

TF, synthetic PLs, and calcium. A typical PT experiment involves adding a 

thromboplastin reagent to a citrated platelet poor plasma (PPP) at 37oC and the time it 

takes for the first sign of fibrin clot to appear is measured in seconds. Calcium enables 

TF to bind with FVII to form TF-VIIa complex which activates the extrinsic pathway while 

PLs provide the surface for binding of coagulation factors involved in activating 

prothrombin to thrombin (Shirlyn, 2010). Calcium also enables the coagulation factors 

to bind to the PLs. The blood sample used to make the PPP was previously collected in 

a tube containing citrate which removes calcium from the sample and render it 

anticoagulated. The reference range for PT is 10 to 13 seconds, depending on the 

reagent used (Leonardi, 2019; Shirlyn, 2010), with prolonged PT results indicative of a 
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deficiency of an extrinsic or a common pathway factor or presence of an inhibitor. 

Prolonged PT can also be a result of DIC, vitamin K deficiency, liver disease or presence 

of an anticoagulant drug such as warfarin.  

 

PT results tend to vary between labs depending on the reagent used. To minimise this 

inter-laboratory variability, PT results are often expressed in a standardised format 

called the International Normalised Ratio (INR) which is derived from PT results of the 

patient using the formula: 

𝐼𝑵𝑹 =  (
𝑷𝒂𝒕𝒊𝒆𝒏𝒕 𝑷𝑻

𝑴𝒆𝒂𝒏 𝒏𝒐𝒓𝒎𝒂𝒍 𝑷𝑻
)

𝑰𝑺𝑰

 

 

Where ISI is the international sensitivity index of the PT reagent used. Optimum ISI 

value lies within 0.9 to 1.1 and smaller the ISI value the more sensitive the PT reagent.  

Normal INR values range from 0.8 to 1.2, also depending on reagent.  

 

PT/INR is used in monitoring oral anticoagulant (e.g. warfarin) therapy, in which an INR 

values of 2 to 3 is the most common target (Leonardi, 2019a). Warfarin works by 

interfering with the bioavailability of vitamin K by inhibiting vitamin K epoxide reductase. 

This hinders coagulation and enables warfarin to be used in treating patients with 

thrombotic disorders. However, warfarin therapy requires frequent monitoring due to the 

variable half-life of the drug and  its dependency on individual patients and diet 

(Leonardi, 2019a).  

 

1.4.3 Activated partial thromboplastin time 

Activated partial thromboplastin time (aPTT) is a laboratory-based method for assessing 

the intrinsic and common coagulation pathway factors. It uses a mixture of negatively 

charged contact activator e.g., kaolin, ground glass, celite, or ellagic acid and PLs to 

activate the intrinsic pathway, leading to clotting. Since it uses PLs without TF, the 

reagent is termed partial thromboplastin. PLs function as in the PT assay while the 

activator triggers the cascade by activating FXII (Leonardi, 2019; Shirlyn, 2010). In an 

aPTT assay, the PL/activator mixture is incubated with citrated PPP at 37oC, a solution 

of calcium is added and the time it takes for the first sign of clotting to appear is 

measured in seconds. Normal aPTT results ranges from 35 to 45 seconds (Shirlyn , 

2010).  
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The aPTT assay can detect deficiencies in all coagulation factors apart from FVII, and 

TF, but is particularly sensitive to deficiency of FVIII (haemophilia A), FIX (haemophilia 

B), FXI (Haemophilia C) and FXII (which is asymptomatic). Due to interpatient variability, 

aPTT is also used to monitor unfractionated heparin (UFH) therapy. UFH works by 

inhibiting thrombin as well as FIX, FX, and FXII, making aPTT more sensitive for 

monitoring heparin therapy than PT (Shirlyn, 2010). Generally, aPTT values for patients 

on UFH should be 1.5 to 2.5 times above the upper limit of the normal aPTT range. 

 

Results from the screening tests (TT, PT, and aPTT), when used in combination as 

shown in Table 1.3, can provide significant information on the possible cause of the 

disorder, helping to guide decisions on subsequent specific tests to be carried out 

(Leonardi, 2019a). 

 

Table 1.3. Interpretation of coagulation assays. 

Test PACF Other possible causes 

TT PT APTT 
  

Normal Prolonged Normal FVII  

Normal Normal Prolonged FVIII, FIX, FXI, FXII Lupus anticoagulant, vWD 

Normal Prolonged Prolonged FII, FV, FX Liver disease, VKD 

Prolonged Prolonged Prolonged Fibrinogen Liver disease 

Normal Normal Normal FXIII Plt dysfunction, vWD, excess fibrinolysis 

PACF Potentially affected coagulation factor, TT = Thrombin time,  PT = Prothrombin time, 

aPTT = Activated partial thromboplastin time, vWD = Von Willebrand disease , VKD = Vitamin 

K deficiency,  Plt = Platelet, (Leonardi, 2019a). 

 

1.4.4 Mixing tests 

Mixing studies follow abnormal screening test results to further narrow down the 

abnormality to a specific cause. Abnormal patient plasma and normal plasma are mixed 

in a 1:1 ratio and analysed in a screening test. Correction of an abnormal result indicates 

deficiency of a clotting factor, while an uncorrected result indicates presence of a 

coagulation inhibitor (Leonardi, 2019; McKenZie, 2010). Incubation is sometimes 

necessary because it takes time for the action of some inhibitors to have full effect. To 

specify the particular factor that is deficient, the patient plasma can then be mixed 1:1 

with various plasmas, each deficient in one of the suspected factors. Table 1.4 shows 

the interpretation of mixing studies (Leonardi, 2019a). 
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Confirmation of a factor deficiency is also performed using factor specific tests such as 

enzyme immunoassay, which can determine the factor protein concentration (although 

not necessarily the functional protein); or a chromogenic technique, which measures 

the functional factor level. Together, results from both techniques can help specify the 

abnormality i.e., a dysfunctional factor or low level of a specific factor (McKenZie, 2010). 

 

Table 1.4. Interpretation of mixing studies. 

Sample Before Incubation After incubation Interpretation 

Normal : Patient  Normal PT, aPTT or TT Normal PT, aPTT or 
TT 

Factor deficiency 

Normal : patient  Normal/prolonged PT, 
aPTT, or TT 

Prolonged PT, 
APTT, or TT 

Presence of an 
inhibitor 

Patient : FVIII deficient  Prolonged aPTT, normal 
PT 

Prolonged aPTT, 
normal PT 

Haemophilia A 

Patient : FIX deficient  Prolonged aPTT, normal 
PT 

Prolonged aPTT, 
normal PT 

Haemophilia B 

Patient: FVII deficient  Prolonged PT, normal 
aPTT 

Prolonged PT, 
normal aPTT 

Factor FVII deficiency 

Patient plasma with 
excess PLs 

Normal aPTT , PT Normal aPTT , PT Presence of lupus 
anticoagulant 

PT = Prothrombin time, aPTT = Activated partial thromboplastin time, TT = Thrombin time, PLs 

= Phospholipids (Leonardi, 2019). 

 

1.4.5 Platelet function tests  

Assessment of platelet function was first performed using the bleeding time test which 

relates to platelet function, platelet count, and vascular integrity with abnormality in any 

aspect potentially leading to prolonged bleeding time. It is performed by applying 

pressure on the patient’s arm and measuring the time it takes for blood to stop flowing 

from shallow cuts on the lower arm which normally ranges from 1 to 9 min. Due to the 

many variables such as the amount of pressure applied; location, size, and depth of 

cuts; and arm movements influencing the results, bleeding time is no longer conducted 

in most hospitals. It has been replaced to some extent by the Platelet Function Analyser 

(PFA-100), a standardised in vitro technique that eliminates most of the variables 

affecting the bleeding time test (Shirlyn, 2010). PFA measures platelet function by 

aspirating citrated whole blood through an aperture coated with a mixture of platelet 

agonists (collagen/epinephrine or collagen/ADP) and measuring the time it takes for the 

aperture to occlude (Leonardi, 2019; Shirlyn, 2010). PFA is sensitive to platelet count, 

platelet function, vWD, and haematocrit level.  

 

More detailed platelet function testing is performed using platelet aggregometry, which 

employs either citrated whole blood or citrated platelet rich plasma (PRP). Whole blood 
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platelet aggregometry is performed by measuring electrical impedance changes 

induced by aggregating platelets on the surfaces of two wires placed within the sample.  

An agonist is initially added to the sample and the two wires previously coated with 

platelets before running the test. PRP platelet aggregometry on the other hand, is based 

on increased light transmission through the sample as platelets aggregate, leaving a 

clear liquid above. After adding an agonist, the optical density of the sample is measured 

over time (Leonardi, 2019a).  As shown in Fig.1.5, different agonists produce different 

curves which are examined for abnormalities such as Bernard Soulier syndrome (BSS), 

Thrombasthenia, vWD, storage-pool disease (SPD) and aspirin ingestion. Ristocetin in 

particular is sensitive to vWD and BSS ( Shirlyn, 2010).  

 

 

Fig. 1.5. Platelet aggregation patterns with various agonists (collagen, ADP, and ristocetin). 

Adopted from Clinical Laboratory Hematology (Shirlyn, 2010) ADP= Adenosine diphosphate, 

ASA = Aspirin ingestion and aspirin like disorders, BSS = Bernard Soulier syndrome, SPD = 

Storage-pool disease, TSA = Thrombasthenia, vWD = Von Willebrand disease. 

 

Most hospital laboratories now use automated coagulation analysers and instruments 

that use a variety of detection techniques including electrochemical (impedance), optical 

(turbidimetry and nephelometry), and mechanical using rotating steel balls. The 

invention of automated analysers led to high throughput analysis, improved precision 

and accuracy, and reduced turn-around times. These analysers also offered the 

advantage of standardised testing among laboratories using the same instruments and 

reagents (Harris et al., 2016). Automated and semi-automated coagulation analysers 

are ubiquitous in laboratories worldwide, from many different manufacturers, including 

devices that conduct multiple tests. Components of a typical state-of-the-art automated 

coagulation analyser include the robotic hardware which comprises the sample rack, 

reagent garage, barcode scanner, sample pipettor, reagent pipettor, dilution unit, and 

the measuring unit; and the software that enables communication between the operator 
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and the robotic hardware (Fig. 1.6). They are often capable of carrying out multiple 

coagulation tests based on different methods including clotting, chromogenic, and 

immunochemical methods (Qari, 2005). Clot based methods measure the time it takes 

for a sample to clot. Chromogenic methods assess the functional activity of target 

clotting factors, while immunochemical methods measure the concentration of 

coagulation factors within the sample. The main drawbacks of automated analysers are 

that they are relatively expensive, not very portable, and they often require technical 

expertise to operate. These may prevent their use in point of care settings and limit their 

use in low resource environments. 

 

 

Fig. 1.6. Components of a typical automated coagulation analyser (Qari, 2005). 

 

1.5 Point-of-care (POC) haemostasis testing devices 

Traditional manual laboratory-based coagulation assays are relatively less precise, 

inconvenient to conduct, have long turn-around times and consume large volumes of 

samples and reagents while automated analysers are laboratory-based (i.e., not 

potable), expensive and require technical expertise to operate. This has prompted the 

development of techniques and devices that could eliminate these limitations and be 

conducted near the patient, thus allowing fast diagnosis and treatment, and reducing 

unnecessary delays. Point-of-care (POC)  testing involves the use devices and assays 

to conduct medical diagnosis at the patient’s bedside. An ideal POC device should be 

portable, handheld/benchtop and easily operatable by a non-laboratory personnel. They 

have the potential to reduce hospitalisations and the burden on healthcare resources 

and improve patient satisfaction especially, for example, in the administration and 

monitoring of anticoagulant therapy. POC devices are able to provide results within and 
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outside normal working hours, allowing more rapid decision making on treatment (Harris 

et al., 2013; Srivastava and Kelleher, 2013). 

 

1.5.1 Detection techniques used in POC haemostasis testing devices 

Haemostatic POC devices have been typically based on the detection principles and 

reagents used in classical clotting time and platelet function tests and miniaturising them 

into portable, fast, and simple to operate procedures. The range of detection and 

measurement approaches employed include optical, electrochemical, viscoelastic, and 

ultrasound/acoustic techniques. Devices may measure single or multiple coagulation 

parameters (Table 1.5). 

 

Table 1.5. Some current POC coagulation monitoring devices (Srivastava & Kelleher, 2013). 

Name Detection Technique What is measured Manufacturer 

Yumizen G200  Optical  

Fibrinogen, PT/INR, aPTT, D-
Dimer 

Horiba Medical 
  

Coaguchek S 
  

Optical 
  

PT/INR,  
  

Roche 
Diagnostics 
Cooperation 
  

Hemochron Jr. Signature  Optical  PT/INR  

Accriva 
Diagnostics Inc  

GEM®PCL Plus Optical 
  

PT/INR, aPTT 
  

Instrumentation 
Laboratory, 
Bedford, US 

The VerifyNow ® system Optical Platelet aggregation Accumetrics Inc 

Coaguchek XS  Electrochemical 
  

PT, Thrombin Activity 
  

Roche 
Diagnostics 
Cooperation  

I-STAT Electrochemical 
  

ACT 
  

Abbott 
Laboratories, 
  

Xprecia StrideTM 
Coagulation system 

Electrochemical 
 

PT/INR 
 

Siemens Medical 
Solutions USA, 
Inc. 

Plateletworks ® 
Electrochemical Platelet dysfunction 

Helena 
Bioscience 

The Multiplate ® device  
Electrochemical Platelet dysfunction 

Roche 
Diagnostics 

CoagMax Viscoelastic PT/INR Microvisk Ltd 

Sonoclot SCI Viscoelastic 
  

ACT, Clotting rate 
  

Sienco Inc 
(Arvada, CO, 
USA) 

TEG ® Platelet Mapping 
Assay Viscoelastic 

  

Platelet dysfunction 
  

Haemoscope 
Corporation, 
Niles, Illinois, 
US) 

Quantra™ Hemostasis 
Analyzer Ultrasound   Clotting time, Clot stiffness   HemoSonics  
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Optical POC coagulation testing devices measure changes in light absorption 

(turbidimetry), light scattering (nephelometry) and/or light emission (chromogenic) by 

the sample to assess coagulation abnormalities. This is based on the fact that 

coagulation is accompanied by changes in optical properties of the sample and the rate 

and magnitude of the change furnish information about the clotting capacity of the 

sample (Louka and Kaliviotis, 2021).  

 

Electrochemical POC coagulation monitoring devices measure the impedance or 

capacitance as a blood/plasma sample coagulates. This principle has been utilised in 

measuring PT/INR (Coaguchek XS, Roche Diagnostics Cooperation), activated clotting 

time (I-STAT, Abbott Laboratories), and detecting platelet dysfunction (Plateletworks®, 

Helena Bioscience). Detection relies on the principle that the impedance/capacitance 

increases as a sample of blood coagulates and the rate of increase as well as the 

maximum values of capacitance/impedance indicates the ability of the sample to 

coagulate (Louka and Kaliviotis, 2021). 

 

Other properties of blood that change as it coagulates are mechanical characteristics 

such as viscosity and elasticity. Viscoelastic methods are often termed global assays 

because they measure real time changes in many characteristics, often of whole blood 

as the clot is formed and may provide more information than the other detection 

techniques including clot initiation, fibrinogen level, platelet function and fibrinolysis. 

POC devices that use this principle include Thromboelastography (TEG(r), 

Haemonetics, Braintree, USA) and Rotational Thromboelastometry (ROTEM(r), 

Werfen). They both measure the torque exerted on a pin immersed in a sample as the 

sample coagulates. In TEG, the container is rotated along with the sample while in 

ROTEM, the pin is rotated instead (National Institute for Health and Care Excellence, 

2014). Sonoclot (Arvada, CO, USA) is also a viscoelastic device, but it measures the 

mechanical impedance of a vibrating probe placed in clotting sample.  

 

Acoustic wave coagulation testing devices use piezoelectric transduction to measure 

coagulation parameters. A typical example using quartz crystal microbalance (QCM), 

consists of a piezoelectric material between two electrodes and by applying electric 

current to the electrodes, generates a mechanical wave whose resonant frequency and 

damping are functions of the mass or viscosity of a material at the surface. Changes in 

the resonant frequency/dissipation due to accumulation of fibrin or increases in viscosity 
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during coagulation are used to measure coagulation parameters such as prothrombin 

time, fibrinogen concentration, platelet aggregation ( Aria, Erten, and Yalcin, 2019) and 

clot retraction (Efremov et al., 2021). 

 

Ultrasound-based POC coagulation testing devices such as the QuantraTM Hemostasis 

Analyser, use ultrasound transducers to measure viscoelastic properties of a clotting 

sample from which clotting time and clot stiffness are derived. It is based on Sonic 

Estimation of Elasticity via Resonance (SEER) Sonorheometry in which high frequency 

ultrasound pulses are used to determine sheer modulus of a clotting blood sample. In a 

typical experiment, an ultrasound pulse directed to the sample causes a sheer wave, 

making the sample resonate as clotting progresses (Ferrante et al., 2016). The motion 

of the sample is monitored as a function of time, producing dynamic changes in the 

sample sheer modulus. The curve is then used to generate clot time and clot stiffness.  

 

1.5.2  Limitations to the use of POC haemostasis testing devices in resource 

scarce areas 

As with any other analytical device, POC coagulation analysers also have drawbacks. 

The cost of analysis by most POC devices are comparable to those of laboratory-based 

analysers, meaning the cost of analysis is still high. In addition, the cost of acquisition 

and maintenance of many POC instruments and reagents are also high. It is also 

challenging comparing results across different methods and also many POC devices 

may only offer a limited menu of test per device. Operation of most POC devices also 

requires power and technical expertise. These issues of cost, power, and expertise 

particularly hinder the use of POC analysers in low-income settings. To overcome result 

variability, some devices are supplied with quality control (QC) reagents and samples, 

while others have automatic pipetting to reduce operator error (Hyatt and Brainard, 

2016). For low resource settings, inexpensive, instrument-free, easy to operate, and yet 

robust POC coagulation analysers that can produce clinically reliable results are 

needed. A potential approach to addressing these challenges is the use of  instrument-

free lateral flow devices as coagulation testing devices. These types of analytical 

devices are inexpensive, easy to use and do not require power to operate.  

 

1.6 Lateral flow haemostasis devices  

Lateral flow assays (LFAs) are assay systems that rely on capillary action for the passive 

movement of a sample and its interaction with assay reagents in a controlled manner 
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through the control of volume, flow rates and reaction stoichiometries. They do not 

generally require power or an instrument to operate. LFA devices afford many potential 

advantages over other  analytical methods such as reduced cost, ease of use, portability 

and short analysis time, among others (Bahadır and Sezgintürk, 2016). LFAs employing 

immunochromatographic approaches were first developed in the late 1960s with the 

first home-based LFA for detecting human chorionic gonadotropin (hCG) in urine 

conducted in 1976. Afterwards, they became increasingly used in the detection of 

various analytes including biomarkers for different diseases, microorganisms, toxins, 

pesticides, and heavy metals. With high potentials for miniaturization and on-site testing, 

LFAs have attracted increased attention as a rapid, qualitative and quantitative 

approach to blood coagulation monitoring and screening (Li et al., 2014; Gerbers, 2013; 

Jiang et al., 2019). They have been demonstrated in measuring fibrinogen in blood and 

blood plasma (Dudek et al., 2010; Bialkower et al., 2020), PT/INR based anticoagulation 

monitoring (Hegener et al., 2017), D-dimer detection (Ruivo et al., 2017), and aPTT 

(Dudek, et al., 2011).The detection principle utilised in most lateral flow assays is either 

immunochromatography or change in sample flow dynamics, explained in section 1.6.3. 

 

1.6.1 Design and fabrication of lateral flow haemostasis testing devices 

There many different designs and shapes used in fabricating lateral flow devices. A 

typical LFA device is composed of a sample application pad made of cellulose or glass  

 

Fig. 1.7.  A) Generalized structure of lateral flow device (Helen et al., 2017), B) Device with 

three flow components, C) Plastic casing showing the sample and detection windows (Han et 

al., 2014). 
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fiber; a conjugate pad made of polyesters, cellulose, or glass fiber; an analytical 

membrane made of nitrocellulose or chromatography paper; and an adsorbent pad 

which acts as a sink for sample fluid for supporting forward flow of sample (Fig. 1.7). 

The conjugate pad bears the labelled analyte recognition molecules while the analytical 

membrane bears immobilized analyte capturing molecules and secondary capturing 

molecules arranged in test and control lines respectively (Sajid et al., 2015; Bahadır and 

Sezgintürk, 2016). 

Other designs may be simpler, composing of fewer flow components e.g., the sample 

pad, analytical membrane, and wicking pad (Han et al., 2014). Others still may have just 

two flow parts, the sample zone and analytical zone, both on the same substrate i.e., 

excluding the conjugate and absorbent/wicking pads. The flow components may be 

housed in a plastic casing, which has openings for dispensing the sample and reading 

the results. 

In the fabrication of these devices, techniques such as photolithography,, wax printing, 

or ink stamping is used in designing strips while drop casting, inkjet printing, and spray 

coating are use in immobilising the assay reagents on the substrate (Akyazi et al., 2018). 

Inkjet printing and spray coating may be more precisely controlled and can be scaled 

up for mass production, however drop-casting is much cheaper. The plastic housings 

are mainly fabricated using 3D-printing. 

1.6.2 Materials used in fabrication of lateral flow haemostasis testing devices 

Lateral flow devices for coagulation monitoring have employed a range of substrate 

materials to transport the sample, including nitrocellulose, cellulose, and synthetic 

polymers. The properties of these materials such as porosity/density, thickness, 

hydrophobicity etc, directly influence the sensitivity and precision of these devices. 

Devices using polymer substrates have been applied to the quantification of fibrinogen 

in plasma and whole blood (Dudek, et al., 2010), detecting onset of coagulation (Dudek, 

et al., 2011a) and in measuring aPTT (Dudek, et al., 2011b). Polymeric substrates have 

the advantages of high material uniformity and allowing reproducible, mass fabrication, 

and so potentially improving assay precision. In such assays, the sample moves across 

the polymer surface by capillary action. However, due to their hydrophobic nature, 

polymer substrates require modification to induce lateral flow. This has been achieved 

using embossed micropillar arrays and the addition of surface modifications such as 

plasma treatment or addition of surfactants (Dudek et al., 2010). In addition to these 
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disadvantages, polymers are also persistent environmental pollutants and so are not 

ideal for use as single use, disposable coagulation testing devices (Chen et al., 2021).  

 

Paper-based materials i.e., nitrocellulose and cellulose-based papers are more suitable 

and more widely used as substrates in lateral flow coagulation testing devices. Among 

the two, nitrocellulose is the most widely used. It has been used in; determining clotting 

capacity of blood samples (Han et al., 2014), animal blood coagulation monitoring ( Li 

et al., 2018) and in warfarin-based anticoagulant monitoring (Hegener et al., 2017). 

Nitrocellulose is attractive for its biocompatibility and its ability to strongly bind with 

assay reagents. However, nitrocellulose is relatively hydrophobic compared to cellulose 

papers due to the cellulose acetate blended into its structure. This often makes it 

necessary to treat it with surfactants to make it more wettable (Yetisen et al., 2013). 

Also, nitrocellulose papers are more expensive than cellulose papers. The less 

expensive and more hydrophilic material used as a substrate in coagulation testing 

devices is cellulose-based filter papers. There are several types that differ in thickness, 

pore size and water flow rate. Whatman no. 1 filter paper with a thickness of 0.18 mm, 

water flow rate of 130 mm/30 min, pore size of 11 µm and a smooth surface, is probably 

the most widely used. It has been used in plasma separation and fibrinogen 

quantification (Guan et al., 2020). Employing a vertical flow configuration, the use of 

filter paper (Whatman 41) and  tissue paper (comprising eucalyptus fibres) in measuring 

fibrinogen in plasma was demonstrated (Bialkower et al., 2019). A sample is added to 

a paper strip modified with thrombin and after it clotted and dried, a blue dye is then 

added to the strip. The wicking length of the dye is inversely proportional the sample 

fibrinogen concentration. High fibrinogen level makes the strip more hydrophobic than 

samples with less fibrinogen. According to the team, sensitivity was found to be a 

function of paper density i.e., the less dense tissue paper gave better sensitivity than 

the denser filter paper. In lateral flow platform, eucalyptus-based tissue paper have also 

been demonstrated in measuring fibrinogen in whole blood by the same research group 

(Bialkower, et al., 2020). 

 

An ideal substrate for coagulation testing devices intended for low resource 

environments should therefore have the following properties: 

i. Relatively low cost and widely available 

ii. Be biodegradable and easy to dispose of 

iii. Have uniform thickness, porosity, and density 
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iv. Compatible with assay reagents and plasma/blood samples 

 

1.6.3 Principles of detection used in lateral flow haemostasis testing devices 

Different principles and techniques have been employed for detecting and measuring 

coagulation in lateral flow-based testing devices. These include colorimetric, 

fluorescence, electrochemical, and travel distance. The detection and readout method 

used affects portability, cost, ease of operation, turnaround time, and reliability of the 

device (Akyazi et al., 2018). An ideal detection technique is one that does not add cost 

and complexity to the device and its operation; is sensitive, precise, robust, and has a 

short turnround time. Wide linearity and low detection and quantification limits are also 

very important. However, few, if any techniques currently available meets all of these 

requirements. 

 

Colorimetric-based lateral devices for coagulation testing are those that use colour 

change as a detection signal and colour intensity as a quantification signal. They 

essentially take the format of a conventional immunochromatographic lateral flow device 

that uses test and control lines on the analytical membrane. Colour formation at the test 

line indicates presence of the analyte while intensity of colour is a function of analyte 

concentration in the sample. Colour formation at the control line indicates validity of the 

test result. Development of colour can be due to the accumulation of gold or other 

colour-based particles which can be qualitatively read visually or quantitatively by 

reflectance photometry (Rifai, 2018). This principle has been successfully demonstrated 

for measuring D-dimer in simulated plasma samples (Ruivo et al., 2017). This approach 

employed a sandwich type colorimetric immunoassay in which anti D-dimer gold 

nanoparticle conjugate D-dimers from the sample, the complex flows with the sample 

and is captured at the test line by immobilised anti D-dimer antibody. An image of the 

test line is processed and correlated with D-dimer concentration. This device had a 

detection limit of 15 ng/mL and a linearity up to 100 ng/mL. Use of colorimetric lateral 

flow devices have also been demonstrated in measuring dabigatran etexilate in blood 

which is used in anticoagulant therapy (Alnajrani et al., 2022). Here, they used gold 

nanoparticles as label, an aptamer as recognition unit and streptavidin as capturing unit 

(at the test line). Colorimetric-based lateral flow devices are attractive because they can 

be easily interpreted by un-skilled persons using the naked eye. However, 

quantitation/semi quantitation requires image analysis which could take time and more 
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resources. Fabrication and operation of Immuno-colorimetric types also require use of 

antibodies/aptamer which are expensive and difficult to handle. 

 

Fluorescence-based detection methods have also been applied to POC lateral flow 

assays for coagulation. Dudek et al. (2011a and 2011b) demonstrated that fluorescently 

labelled fibrinogen present in a plasma sample was cleaved and progressively 

incorporated into a fibrin clot during coagulation following activation with partial 

thromboplastin. This resulted in the redistribution of the fluorescence, the intensity of 

which could be measured using a fluorescence microscope with a charge coupled 

device. Harris et al. (2013) deposited a fluorogenic FXa substrate into a polymer 

microchannel-based anti-FXa assay device for measuring novel anti-coagulants. 

Excess FXa not inactivated by anti-coagulant cleaved the fluorogen. However, while 

fluorescence detection techniques have the potential to be very sensitive and reliable, 

this approach adds significant cost, complexity, and bulkiness to miniaturised devices 

which limits its use in POC devices.  

 

Electrochemical techniques for coagulation testing have been based on the concept that 

blood coagulation is accompanied by changes in ionic mobility and movement of cells, 

which alters parameters such as conductivity and resistance. These electrochemical 

properties appear to correlate well with clotting time values. For instance, impedance 

technique in PT test has been demonstrated using a paper substrate and two electrodes 

imprinted by deposition of pencil graphite (Saha and Bhattacharya, 2020). The points 

of maximum change in resistance mark the onset of clotting from which coagulation time 

is derived. Furthermore, an Impedance-based technique was utilised for measuring 

aPTT and heparin in whole blood using a microfluidic device (Ramaswamy et al., 2013). 

The HemoSense InRatio device also measured electrochemical impedance changes 

that took place during coagulation; however, it is now discontinued due to issues with 

accuracy. Other electrochemical detection techniques measure current rather than 

resistance. Most voltametric/amperometric measurements use either a natural or 

synthetic clotting factor substrate tagged with an electrochemically active compound 

such as ferrocene. The action of a clotting factor on the substrate either releases the 

electrochemical moiety or causes coagulation which leads to accumulation of the 

compound on the electrode surface. This method has been used in the detection of 

thrombin (Ko et al., 2015) and FXa inhibitors (Doerge et al., 2009). Electrochemical 

techniques are sensitive and satisfactorily reliable but still require an instrument-based 
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reader and in some cases, a signal amplifier which adds cost, complexity and power 

requirements which are in contradiction to requirements for devices suitable for use in 

low resource environments. 

 

Distance based readout formats are instrument free and can be used for both qualitative 

and quantitative clotting measurements. They appear to be the most ideal detection 

technique for simple and low-cost use in resource limited areas. It has been successfully 

used in measuring fibrinogen in plasma (Dudek et al., 2010), calcium in whole blood, 

prothrombin time test in plasma (Guler et al., 2018) and warfarin-based anti-coagulant 

monitoring (Hegener et al., 2017). Its main drawback especially for those that use paper 

substrates, is the inherent variability in sample flow rates which leads to low precision. 

This can be minimised by using flow control techniques such as changing the geometry 

of the fluidic channel which would not necessarily add much complexity and cost to the 

device as in the other detection methods.   

 

1.6.4 Challenges and drawbacks of lateral flow haemostasis testing devices 

Devices that use paper substrates have issues with precision due the variations in the 

production of these materials (Killard, 2010) which leads to variability in density and 

porosity of the material which directly affect sample flow rates and consequently, cause 

variation in travel distances. Flow control techniques such as altering channel 

dimensions, introducing fluidic valves and absorbent pads can be used (Jeong et al., 

2016). 

 

For those that use open lateral flow and distance-based readouts, fluctuations in 

conditions of the operational environment such as  humidity and temperature may 

influence the assay results especially for devices that require longer periods to operate. 

Low humidity for instance, encourages high evaporation rates which tend to shorten the 

travel distance, while high humidity has the opposite effect. Temperature influences 

both enzymatic reaction and evaporation rates which consequently affect distance 

travelled. To overcome the issue with humidity, a stimulated environment with a 

constant known humidity could be used for conducting tests. However, this would 

increase the cost of the assay. As for temperature, different reading scales for different 

temperatures could be used.  
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Durability/stability of reagents immobilised on test strips also present problems for 

simple lateral flow devices designed for coagulation testing. Most of them last for only 

two to three weeks even when stored in a freezer (Killard, 2010), and for a few, three 

months (Hegener et al., 2017). Some use either a two to three step analysis protocol, 

requiring mixing the reagent and sample and then applying the mixture on the strip 

(Bialkower, et al., 2020) or preparing the test strip and using it immediately (Bialkower 

et al., 2019) which is not ideal for mass production and low-cost usage. These 

environmental and stability issues are challenging to address in low resource areas 

which often have extreme conditions such as high temperatures and also lack reliable 

power supply to preserve the assay strips. Effective and efficient stabilisers could be 

employed to prolong their working lives. 

 

Ensuring low-cost production and usage of these devices also demand limited or no 

power usage and instrument free operation. Some devices require power to actively 

move the sample by pumping, while others need instrument-based readers which need 

power to operate (Chen et al., 2020; Guler et al., 2018). The use of power and expensive 

instrument readers would limit accessibility and affordability of these devices to the 

intended end-users. This makes passive movement of samples by capillary action and 

visual detection very attractive. 

 

1.7 Aims and objectives  

The main aim of this programme of research was to develop several haemostasis 

assays with the potential for deployment in low resource environments. Such devices 

would have the potential to detect coagulation and platelet function abnormalities while 

being very low cost, simple to use, field deployable as well as environmentally 

sustainable.  

 

In this regard, an extremely simple approach was taken to employ a low-cost cellulosic 

paper as the substrate of a lateral flow assay device, upon which the extent of clotting 

or aggregation could be determined visually by changes in the flow properties of the 

sample in response to activation. The development of three assays was investigated. 

These were a fibrinogen assay, a PT assay, and a platelet function assay. This involved 

several objectives: 
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• Develop and transfer coagulation (in the case of clotting time tests) and 

aggregation (in the case of platelet) assay principles to lateral flow assay formats. 

• Understand the fluid dynamic properties of coagulating/aggregating and non-

coagulating/aggregating samples and assay reagents on paper substrates. 

• Optimise the design configurations of the lateral flow strip formats in terms of 

their dimensions and assay zonal structures. 

• Optimise the assay reagent configurations with respect to reagent composition, 

concentrations, volumes, and deposition locations. 

• Undertake analytical characterisation of assay performance using lateral flow 

motion capture techniques. 

• Regarding platelet aggregation studies, undertake additional physical 

characterisation to enhance the understanding of assay behaviour at a 

microscopic level. 

• Demonstrate the performance of the optimised assay configurations in artificial 

or clinical samples with appropriate statistical analysis. 
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2. MATERIALS AND METHODS 
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2.1  Materials  

Chromozym TH, lyophilised fibrinogen from human plasma (F3879), acetylsalicylic acid 

(A5376), glutaraldehyde (G6403), May-Grunwald solution (63590), Giemsa solution 

(48900), and Whatman No. 1 chromatography paper (460 x 570 mm, 1001-917) were 

sourced from Sigma-Aldrich, UK. Eosin Y (1% aqueous, HS250) was from TCS 

Biosciences Ltd UK. Calcium chloride fused granules (10043-52-4), methanol (≥ 99.9%, 

CAS: 67-56-1, Code: M/4000/PB08), Whatman SG81 grade chromatography paper 

(11370744), microscope slides (T/F Ground, CAT. No 7107, 1.0-1.2 mm) and Whatman 

grade 3MM chromatography paper (10085370) were from Fisher Scientific, UK. The 

citrated human plasma standards: Routine Control N (normal) (5186, PT approx. 9 s), 

Routine Control A (abnormal) (5187, PT approx. 17 s), Routine Control SA (severe 

abnormal) (5183, PT approx. 34 s), immunodepleted factor VII-deficient plasma (5792), 

pooled normal human plasma (5185), Thromboplastin L (5265HL), calibration plasmas 

(5185), containing approx. 2.8 mg/mL fibrinogen (5185) and lyophilised bovine thrombin 

(50 NIH unit/ mL) from Clauss fibrinogen 50 kit (5556) were from Helena Biosciences, 

UK. Lyophilised platelets (5371), lyophilised adenosine diphosphate (5366), lyophilised 

epinephrine (5367), 100 µg/mL collagen (5368), lyophilised arachidonic acid (5364) and 

Tris-buffered saline (TBS, 5365) were also purchased from Helena Biosciences, UK. 

Yumizen G FIB 2 (130036383), Yumizen G imidazol (130036385), Yumizen G PT Reco 

10 (1300036376) and control plasmas: Yumizen G CTRL I & II (1300036412) were from 

Horiba, UK. Hemosil low-fibrinogen content plasma with approx. 0.75 mg/mL fibrinogen 

(0020004200) and Hemosil RecombiPlasTin 2G (0020003050) were from 

Instrumentation Laboratory, UK. Defibrinated plasma with approx. 1.5 mg/mL fibrinogen 

was purchased from BioIVI, UK. Thromborel® S and Dade® Innovin® (B4212-40) were 

from Sysmex. Silica gel desiccant sachets (10 g) were from CelloExpress, 0.2 µm filter 

(Ref 83.1826.001, Filtropur S 0.2) was from Sardtedt AG & Co. KG, Germany, while 

aluminium foil Mylar bags (X000Y9UA0L, 12 x 8 cm) were purchased from Fresherpack, 

UK. Sixty fresh citrated human plasmas used in the validation of the paper-based 

prothrombin assay (Chapter 4) were supplied by North Bristol NHS Trust (IRAS ID: 

263472). 
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2.2 Methods 

2.2.1 Standardisation of thrombin activity 

In the fibrinogen assay development (Chapter 3), the activity of thrombin immobilised 

on the assay strips was monitored and standardised using a chromogenic method 

where Chromozym TH was used as a substrate for thrombin (Herrmann, 1979). The 

method was based on the principle that when thrombin cleaves the chromozyme, a 

chromophore (4-nitroaniline) that absorbs light at 405 nm is released (Fig 2.1). The 

gradient or rate of change of absorbance (ΔABS/min) was used to calculate activity of 

thrombin using the formular:  

𝑨 =  
𝑽

𝒗 ×∈ × 𝒅
 × ∆𝑨𝑩𝑺 

 

Where V = assay volume (3.2 mL), v = sample volume (0.1mL), ε405 = 10.4(mm-1cm-

1), d = path length (1cm) and ΔABS = change in absorbance (min-1)  

 

In a typical standardization experiment, 10 µL of thrombin reconstituted with deionised 

water was diluted to 1000 µL using Tris buffer (50 mM, pH 8.3). 0.1 mL of this was 

added to a 1 cm plastic cuvette containing the buffer (2.8 mL) and the Chromozym TH 

(0.3 mL, 1.9 mM) and tested with a UV spectrophotometer. The absorbance as a 

function of time was recorded in a 25-minute period at 25C.   

 

 

 

Fig. 2.1. Generation of a chromophore (4-nitroaniline) from Chromozym TH by action of 

thrombin. 
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2.2.2 Preparation of fibrinogen standards and samples 

The fibrinogen standards and samples used in the development and validation of the 

fibrinogen assay (Chapter 3) were prepared by reconstituting vials of calibration plasma, 

plasma calibrator from Clauss Fibrinogen 50 kit, low fibrinogen control plasma, human 

plasma K2EDTA, as well as supplementing the human plasma K2EDTA with lyophilised 

fibrinogen. Assay development and calibration was conducted using fibrinogen 

standards within the range of 0.8 to 7.4 mg/mL.  

 

2.2.3 Measurement of fibrinogen concentration 

Fibrinogen concentrations of plasma standards and samples were determined using the 

Yumizen G200 coagulation analyser (Horiba) according to manufacturer’s protocol. 

Samples with 1.0 to 4.9 mg/mL fibrinogen were diluted to 1/10 in imidazol, while those 

with  fibrinogen content ≥5 mg/mL were diluted to 1/20, those ≤1.0 mg/mL fibrinogen 

were diluted to 1/5 and the results calculated using the appropriate dilution factor.  

 

2.2.4 Preparation of standards and samples for prothrombin time measurement 

The artificial plasma samples and standards used in the development and laboratory 

validation of the paper-based prothrombin assay (Chapter 4) were prepared by 

reconstituting commercial plasma samples i.e., calibration plasma, Routine control N, 

Routine control A, Routine control SA and FVII-deficient plasma according to 

manufacturer’s instructions. To ensure adequate dissolution, the artificially constructed 

samples were set aside at room ambient temperature for 15 min and homogenised 

thoroughly before use.  

 

The plasma samples received from the North Bristol NHS Trust (NBT) and used in 

clinical validation of the lateral flow prothrombin assay device (IRAS ID: 263472) were 

prepared from patient blood samples collected into sodium citrate (0.109 M) evacuated 

tubes (BD Plymouth UK Ltd). The blood samples, as soon as received, were centrifuged 

at 2,000 x g for 15 minutes and the plasma samples collected and immediately frozen 

at ≤20C. Prior to prothrombin time measurement, these samples were thawed at 37C 

for 5 min and then mixed thoroughly.  
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2.2.5 Measurement of prothrombin time 

The PT values of the artificially constructed plasma samples and standards used in the 

paper-based lateral flow prothrombin assay development and validation were also 

measured using the Yumizen G200 with the Yumizen G PT method. Typically, 50 µL of 

the sample was placed in a cuvette in the instrument, and incubated at 37C for 2 min. 

100 µL PT reagent, prepared by reconstituting it with imidazol, and kept at 37oC was 

then added. The PT and their corresponding INR values were displayed digitally.  

 

The PT values for patient plasma samples used in the clinical validation of the lateral 

prothrombin time assay device were determined using Sysmex CS-5100 System at NBT 

following the manufacturer’s protocol, and the anonymised samples were received at 

UWE on ice.  

 

2.2.6 Preparation of platelet suspensions 

The platelet samples used in the study of platelet behaviour on later flow assay strips 

(Chapter 5) were prepared from lyophilised human platelets. Typically, a vial of 

lyophilised platelets was reconstituted in 5 mL of a solution of 2.1 mg/mL fibrinogen in 

TBS, or calibration plasma. Samples with different platelet counts were prepared by 

either reconstituting or diluting vials of lyophilised platelets with different volumes of 

buffer or calibration plasma. 

 

2.2.7 Determination of platelet count 

The platelet counts of platelet suspensions were determined using the Yumizen H500 

analyser (Horiba, UK). The reconstituted platelet samples were first equilibrated to 

ambient temperature for 10 min, mixed well and then measured with the analyser 

according to the manufacturer’s protocol.  

 

2.2.8 Staining and microscopic analysis of platelets 

The viability of the lyophilised platelets was tested by treating them with agonists and 

checking for aggregation using staining and microscopy. The reconstituted platelet 

samples were treated with a solution of an agonist (ADP [200 µM], epinephrine [3 mM], 

or collagen [100 ug/mL]) or TBS buffer control in a 1:9 v/v agonist to sample ratio, and 

incubated at 37ºC for 3 min. Smears of the platelet suspensions were prepared on glass 

microscope slides, fixed with methanol (100%) for five minutes, stained with eosin for 

ten minutes, and then washed with phosphate buffer (pH 6.8). After air drying, the slides 
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were viewed with a light microscope (Nikon ECLIPSE 50i Microscope, DS-U3 DS 

Camera Control Unit, Nikon Metrology Europe NV) and the images saved. 

 

2.2.9 Scanning electron microscopy of lateral flow strips 

Two strips, one treated with DI water (50 µL, control strip) and the other treated with 

ADP (500 µM, 50 µL, test strip) were tested with platelet samples (610 x 109/L, 15 µL), 

air dried, treated with methanol for 5 min, and allowed to dry again for one hour. Strips 

were then cut into sections, coated with gold using a sputter coater (Emscope SC500, 

Quorum Technologies Ltd) and then examined with a scanning electron microscope 

(Quanta 650 FEGSEM, FEI company). Sections of unmodified chromatography paper 

which were investigated as substrates in prothrombin assay development (Chapter 4) 

were also coated with gold and viewed with the electron microscope in a similar manner.  

 

2.2.10 Fabrication of lateral flow test strips 

The test strips were designed using Microsoft PowerPoint. The strip designs generally 

consisted of a sample application zone, a microfluidic flow channel, and a waxy outer 

hydrophobic barrier. Strip designs varied in terms of length, width, and the presence of 

additional wax layers on the base of the strip. Specific designs employed are referred 

to in the relevant chapter. 

 

The designs were printed onto chromatography papers (Whatman No. 1, Whatman 

SG81 or Whatman 3MM) using a ColorQube 8570 wax printer (Xerox Corporation, 

Malaysia). To create a hydrophobic seal around the fluidic channels, the printed paper 

sheets were cured in an oven set at 100C for 2 min. This allowed the wax to penetrate 

the paper to form a hydrophobic barrier (Martinez et al., 2010). After curing, the sheets 

were cut into strips (Fig. 2.2). 
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Fig. 2.2. Workflow diagram showing the steps used for fabrication of paper-based lateral 

flow test strips. Strip designs were made using Microsoft PowerPoint, printed on 

chromatography papers which were cured in an oven set at 100ºC for two minutes. After 

curing, the strips were modified with appropriate reagents, air dried and cut into shapes.  

 

2.2.11 Fabrication of strip holders 

Paper test strip holders, made of photopolymer resins, were designed using AuoCAD 

software and fabricated using 3D printing (Form 2 Desktop 3D printer, Formlabs). The 

strip holders were equipped with elevated rails to suspend the strips, an opening for 

sample deposition, a window for monitoring sample flow, and a millimetric graduation 

scale for reading sample travel distances. Both single (Fig. 2.3A) and triple strip holders 

(Fig. 2.3B) were fabricated and used. 

 

 

Fig. 2.3. A) Diagram of a 3D printed single strip holder, showing the opening for sample 

deposition and fluid flow monitoring channel and the millimetre graduation scale B) images of 

single and triple strip holders. 
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2.2.12  General lateral flow assay development procedure 

For the modification of strips with assay reagents, strips were typically placed on a metal 

rack and reagents were applied using a pipette. Strips were modified with a range of 

assay reagents and appropriate controls depending on the assay being developed, 

including thrombin for the fibrinogen assay (Chapter 3), thromboplastins and calcium 

chloride for the prothrombin assay (Chapter 4) and platelet agonists for the investigation 

of platelet aggregation (Chapter 5). Reagents were deposited in various locations on 

the strip, details of which are set out in the relevant sections. Following modification, 

strips were then allowed to air dry for up to 2 hrs. 

 

Assay development was performed using a range of commercial plasma and platelet 

samples, along with appropriate controls. In the development of the fibrinogen assay 

(Chapter 3), Owren’s buffer and serum were used as controls, while normal plasma, low 

fibrinogen plasmas and plasmas supplemented with fibrinogen were used as standards 

and samples. Routine control plasmas that differ in their PT values were used as 

standards with Owren’s buffer and serum used as controls in the prothrombin assay 

development (Chapter 4). In the lateral flow platelet assay studies (Chapter 5), TBS, 

fibrinogen solution in TBS, and calibration plasma were used as control samples, while 

the standards and test samples were platelet suspensions prepared in each of these 

controls at different stages of the investigation. Following development, assays were 

further validated, either in artificially constructed commercial samples of unknown 

characteristics, or using clinical plasma samples (Chapter 4). In platelet assay studies 

(Chapter 5), performance testing was conducted using lyophilised platelets 

reconstituted in both buffer and plasma across a range of platelet counts, and in platelet 

samples treated with the platelet antagonist, aspirin. The specifics of these are set out 

in each chapter.  

 

The measurement of the fluid dynamic processes of the various samples on the 

modified strips was performed by aligning the strips inside the strip holders and placing 

them on a dry heating block at 37C. All assay materials were also equilibrated to 37C 

for 5 min before use. Samples were applied to the strips at the sample zone and the 

flow of the sample along the strip recorded using video capture (Fig. 2.4). Videos were 

reviewed and the distances travelled by the fluid fronts were recorded to the nearest 0.5 

mm at precise time points up to 300 s. Fluid fronts for the controls (i.e., water & buffer) 

were a bit difficult to read with naked eye but were clear from video frames.  
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The relationship between time and distance travelled by the fluid fronts  were analysed. 

Experiments were typically performed in triplicates with determination of mean and 

standard deviation. The assays were optimised according to a number of parameters, 

such as the design and dimensions of the paper strips used, the type, volumes, 

concentrations, and deposition processes of reagents employed, as well as the types 

and volumes of samples used, and these are specifically detailed in the relevant 

chapters. 

 

Where possible, assays were validated against a standard technique such as the 

Yumizen G200 coagulation analyser in the case of the fibrinogen and prothrombin 

assays, as well as against a hospital methodology in clinical samples, in the case of the 

prothrombin assay.  

 

 

Fig. 2.4. Operational procedure for the paper-based lateral flow coagulation testing devices. 1) 

paper test strip was inserted into the strip holder, 2) sample applied to device sample zone, 3) 

distance travelled by sample recorded over five minutes. 

 

2.2.13  Storage and stability studies of test strips 

In strip stability and storage studies, prepared test strips were placed in folded protective 

papers, inserted into aluminium foil bags, vacuum sealed along with a sachet of silica 

gel desiccant, and stored at various temperatures (18 to 25C [ambient], 2 to 6C [fridge] 

and -15 to -18 C [freezer]). The stored test strips were then tested weekly with normal 

samples to assess their functionality over time and determine the optimum temperature 

for storage. Freshly prepared test strips were also tested at different temperatures with 

normal samples to examine the effect of temperature on assay results.  

 

2.2.14 Statistical and numerical analysis 

Experiments were typically conducted in triplicates and mean values were expressed 

along with their standard deviations and relative standard deviations, where appropriate. 

Standard deviations were also used to graphically express error bars. For experimental 



48 
 

values determined using arithmetic operations such as addition and subtraction, errors 

were propagated using the formula: 

 

       𝜎𝑥 =  √𝜎𝑎
2 + 𝜎𝑏

2 + 𝜎𝑐
2 + 𝜎𝑑

2 + ⋯                      (Eq. 2.1) 

 

Where 𝜎𝑥  is the propagated error, 𝜎𝑎, 𝜎𝑏 , 𝜎𝑐𝑎𝑛𝑑 𝜎𝑑 are errors associated with 

individual values. 

 

Assay performance was typically assessed using linear least squares regression 

analysis with the determination of regression coefficients and confidence intervals. 

Assay performance was also compared using Bland-Altman analysis (Giavarina, 2015). 

 

Where appropriate, the confidence interval of the calibration curve was calculated using 

the formula: 

𝐶𝐼 = 𝑡 ∗ 𝑆𝐸 ∗ √
1

𝑛
+(𝑥−�̅�)2

(𝑛−1)∗𝑆𝑉
                                       (Eq. 2.2) 

Where: 

CI = Confidence interval, t = t-value at 95% confidence level, SE = standard error, n = 

the number of calibration points, 𝑥 = individual calibration points, �̅� = average of the 

calibration points, n – 1 = degree of freedom, and SV = sample variance. 

Significance tests such as t-test and ANOVA were also conducted, where appropriate 

to indicate magnitude of the differences in response values between different 

treatments. Specifically, p-values at α=0.05 were used to indicate significance levels. 

For comparing slopes, standard errors of the slopes, values of the slopes, and sample 

size were used in ANOVA to generate the p-value. The standard errors of the slopes 

were calculated using the formula:  

 

 𝑆𝐸 = √
𝟏

𝒏−𝟐
 ×

∑(𝒚𝒊−�̂�𝒊)𝟐

∑(𝒙𝒊−𝒙𝒊)𝟐
                                                            (Eq. 2.3) 

Where SE = standard error, n = total sample size, 𝒚𝒊 = actual response value,  

�̂�𝒊 = predicted response value,  𝒙𝒊 = actual predictor value, �̅�𝒊 = mean predictor value.  
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3. DEVELOPMENT OF A PAPER-BASED LATERAL FLOW 

FIBRINOGEN ASSAY DEVICE 
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3.1 Introduction 

Fibrinogen is a 340 kDa glycoprotein synthesised in the liver by hepatocytes and 

secreted into circulation  with a normal plasma concentration of 2 to 4 mg/mL. It consists 

of two chains each of three different polypeptides (2α, 2β, and 2γ) linked together into 

a dimeric structure by disulphide bonds. The middle part, called the E-region contains 

the N- termini of all the six chains while the two ends contain the C-termini of β and γ 

chains (Undas and Ariëns, 2011) (Fig. 3.1). Fibrinogen plays a crucial role in the 

formation of the secondary haemostatic plug to permanently stop bleeding. It also plays 

an important role in the formation for the primary haemostatic plug in which it mediates 

platelet adhesion and aggregation at the site of injury. Fibrinogen abnormalities can lead 

to severe morbidity or even death. According to a study conducted by (Cortet et al., 

2012), the level of fibrinogen in blood at diagnosis correlates with haemorrhage and low 

level is associated with severity of post-partum haemorrhage (PPH). Afibrinogenaemia 

is linked with umbilical cord bleeding, muscle haematoma, oral cavity bleeding, and 

post-surgical bleeding. Hypofibrinogenaemia is often asymptomatic, but is linked to 

bleeding episodes in trauma, surgery, and concomitant coagulopathies. In women, 

hypofibrinogenaemia leads to complications during childbearing such as menorrhagia 

and recurrent placental abruption, while afibrinogenemia causes more severe forms of 

menorrhagia and peritoneal bleeding (Neerman-Arbez and Casini, 2018). 

 

 

 

 

Fig. 3.1. Structure of fibrinogen showing D and E domains and three different polypeptide chains 

(2α, 2β, and 2γ). The E domain contains the N- termini of all six polypeptide chains while 

each of the two  D domains contains the C-termini of β and γ chains. Adopted from 

“Simulated point mutations in the Aα-chain of human fibrinogen support a role of the αC domain 

in the stabilization of fibrin gel” (Colafranceschi et al., 2006). 

  

Fibrinogen, being an essential molecule in haemostasis, is an important biomarker for 

evaluating haemostatic function. Measurement of fibrinogen in blood or plasma is, 

therefore, an important parameter for diagnosing bleeding and clotting disorders. 
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Thrombin clotting time (TCT) and Clauss fibrinogen assays are among the main 

recommended screening tests for measuring the level of functional fibrinogen in plasma. 

In the TCT (Fig. 3.2), exogenous thrombin is added to citrated plasma and the time it 

takes for initial appearance of a clot is measured. In the Clauss fibrinogen assay, the 

TCT of a range of fibrinogen standards is determined and the fibrinogen concentration 

of the unknown is determined from a calibration curve. TCT and Clauss assays are both 

laboratory-based and require at least thirty minutes turnround time. 

 

 

Fig. 3.2. Schematic of the thrombin clotting time test showing conversion of fibrinogen (FI) to 

activated fibrinogen (FIa) by thrombin (FIIa) and formation of fibrin clot. 

 

While PT and aPTT will be prolonged as a result of severe forms of fibrinogen 

deficiency, they are far less sensitive compared to TCT and Clauss (Verhovsek et al., 

2008). The Clauss method has been integrated into many automated and semi-

automated coagulation analysers that use photo-optical detection. PT-derived 

fibrinogen is also a common method used in many instruments. However, it is less 

accurate than the Clauss assay.  

 

Clottable protein assays for fibrinogen determination are very accurate methods and 

are often used as reference methods for fibrinogen measurement. Here, thrombin is 

added to a plasma sample in the absence of calcium and the resulting clot is washed, 

dissolved in alkaline solution and its fibrinogen level determined using 

spectrophotometric measurement. Since the clot is almost pure fibrin, the protein 

concentration is approximately that of fibrinogen. Though very accurate, clottable 

protein methods are lab-based, time consuming, and technically difficult, they are 

therefore not suitable for routine coagulation screening much less for POC use (Ian et 

al., 2003).  
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There are a number of immunological fibrinogen assays that utilise antigenic rather than 

functional fibrinogen measurements. These include ELISA, radial immunodiffusion, and 

electrophoretic techniques. Some of these methods such as ELISA are very accurate. 

However, they are again lab-based, require technical expertise, and take hours to 

complete (Ian et al., 2003). Results from functional and antigenic measurements in 

combination can be used to distinguish hypofibrinogenaemia from dysfibrinogenaemia. 

However, individually, functional fibrinogen measurements are more clinically useful. 

 

Thrombin is a potent coagulation factor that plays multiple roles in the blood clotting 

process including platelet activation and conversion of fibrinogen into fibrin. It is a 

proteolytic enzyme that is produced from its precursor, prothrombin by the action of a 

combination of enzymes and phospholipids called the prothrombinase complex. The 

inactive form, prothrombin is synthesised in the liver and secreted into circulation at a 

normal concentration of about 100 µg/mL. Thrombin itself exists in three forms, α, β, 

and γ, among which the α is the form that is enzymatically active and physiologically 

functional, critical for haemostatic function. α-thrombin, with a molecular weight of 37 

kDa, consists of two polypeptide chains linked together by disulphide bonds (Aizawa et 

al., 2008). In vivo, thrombin acts on fibrinogen by cleaving its fibrinopeptides A and B 

(FPA and FPB), releasing active fibrin monomers which polymerise and crosslink to 

form fibrin the clot (Fig. 3.3). As a result of its crucial and multiple roles in haemostatic 

function, thrombin is widely used in combination with collagen sponges and fibrinogen 

concentrates in many surgical procedures to reduce bleeding (Kumar and Chapman, 

2007). Thrombin is also used as a reagent in many analytical methods designed for 

measuring functional fibrinogen in plasma including TCT and Clauss fibrinogen assay. 

While the catalytic pH range of thrombin is fairly wide (5 to 10), its optimal catalytic pH 

is 8.3 and it tends to precipitate at pH ≤5 (Machovich, 1984) 

 

Thrombin reagents for TCT and functional fibrinogen assays are typically derived from 

either bovine or human pooled plasma. They are prepared principally using two main 

approaches. 
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Fig. 3.3. Activation of fibrinogen and polymerization of fibrin monomers. The cleavage of the 

fibrinopeptides A and B (FPA and FPB) by thrombin produces activated fibrin monomers which 

polymerizes and form  fibrin polymer fibres which are turned crosslinked by activated factor XIIII 

(Rojas-Murillo et al., 2022). 

 

In the first approach, prothrombin is extracted from plasma via cryoprecipitation, purified 

through several steps including ion-exchange chromatography, heparin affinity 

chromatography, and metal-affinity chromatography and then activated to thrombin by 

the addition of sodium citrate and incubation at an elevated temperature (Aizawa et al., 

2008). In the second approach, plasma is triggered to clot by the addition of either 

thrombokinase or a thrombin reagent (Kumar and Chapman, 2007) and fibrin is 

removed from the resulting clot. The thrombin solution is then precipitated, purified, and 

dried. For coagulation tests, the thrombin produced is characterised, standardised, and 

lyophilised. 

 

Another reagent sensitive to fibrinogen deficiency and dysfunction is the snake venom 

reptilase. This enzyme, which is known to cleave only FPA is less susceptible to the 

effect of heparin or FPB defects (Verhovsek et al., 2008). TCT and reptilase time in 

combination can distinguish quantitative fibrinogen deficiency from certain fibrinogen 

dysfunctions especially those related to FPB cleavage defect. 

 

As mentioned above, many methods exist for determining fibrinogen in blood and 

plasma. However, most of these methods are lab-based, have long turnround times, 

are relatively expensive, and/or are technically difficult to perform. These challenges 
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inspired the idea of developing low cost, fast and technically simple methods that can 

be performed by, or close to the patient’s bedside and in communities that lack 

laboratories. Among the methods appropriate for this would be lateral and vertical flow 

fibrinogen assays that use low-cost materials such as paper as a substrate. One such 

approach employed a vertically suspended paper in a fluid reservoir and the 

concentration of fibrinogen was determined from the distance travelled up the strip by 

the sample (Bialkower et al., 2019). This method was capable of measuring fibrinogen 

at the relevant clinical range, but the orientation of the device and the fluid reservoir 

made it impractical for easy portability and POC use. Another method used lateral flow 

in which the level of fibrinogen caused a decrease in paper permeability and therefore 

reduced sample travel distances (Bialkower et al., 2020a). However, this method could 

only measure fibrinogen at low concentrations (≤1.6 mg/mL). A similar method utilised 

the difference in hydrophobicity of paper exposed to samples to different fibrinogen 

concentrations which influenced the distance travelled by a dye along the paper strip 

(Bialkower et al., 2020b). This method could also only measure fibrinogen at low 

concentrations (<2 mg/mL) and furthermore required multiple assay steps. Another 

method with a  wide dynamic range (1,27 to 5.08 mg/mL) and high precision employed 

dielectrophoresis (Guan et al., 2020). However, this method required complex 

electrophoretic instrumentation and would not be suitable for low resource and remote 

settings. 

 

In this work, the aim was to develop a low-cost functional fibrinogen assay device using 

a paper-based lateral flow platform that would be robust, easy to operate and have wide 

clinically relevant dynamic range. Such a device might be more suitable for deployment 

in low resource areas. The device assay principle was based on the TCT with 

measurement converted to distance rather than time. In the TCT/Clauss assays, lower 

levels of, or defects in fibrinogen lead to prolonged clotting times. The conversion of 

fibrinogen into fibrin converts the liquid blood or plasma sample into a gel. If such a 

sample were moving via capillary action through, or across a substrate, the extent of 

formation of the gel would alter its fluid dynamic properties in a manner proportional to 

the concentration of fibrinogen, which has been demonstrated previously on polymeric 

substrates (Dudek et al., 2010). This principle was applied in this work. However, it had 

to be demonstrated whether such an assay strategy could operate on a paper-based 

substrate. 
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3.2  Results and discussion 

3.2.1 Design of the paper-based lateral flow fibrinogen assay strip 

The initial investigations including studying the effect of thrombin clotting on sample flow 

rates and travel distance (Fig. 3.4) and investigation of the deposition of thrombin on 

paper strips (section 3.2.2) were conducted using strips with relatively large channels 

(5 x 80 mm) with no defined sample deposition locations. Samples could just be applied 

at either ends of the strips, and then monitored as they flowed toward the other end. 

Using this strip design, the appropriate reagent volume that would cover, but not over-

saturate the paper test trips; and sample volume that would not overflow the fluidic 

channel (90  and 70 µL, respectively) were first determined. Further developments of 

the assay were performed using strips with smaller channel dimensions (3 x 36 mm) 

and a circular sample deposition point (5 mm diameter) at one end. The smaller strips 

were used mainly to reduce reagent and sample consumption. 

 

3.2.2 Assessing the effect of thrombin clotting on sample flow rate  

The flow rate and distance travelled by a sample in a lateral flow-based coagulation 

assay will be influenced not only by the coagulation rate, but also by the viscosity of the 

sample, the hydrophobicity and wettability of the substrate and the immobilised 

coagulation reagents on the test strips. To develop coagulation testing devices based 

on lateral flow principles and distance readout format, it is therefore essential to control 

the effect of all the other factors in order to establish and measure the effect of 

coagulation.  

 

To isolate and quantify the effect of coagulation on sample flow rate and distance, it was 

necessary to perform appropriate sample and reagent controls to study viscosity, 

hydrophobicity, rehydration, and coagulation on the strip. This was performed using 

water, Owren’s buffer, serum, and normal plasma as samples. For reagent controls, test 

strips were coated with either 50 NIH/mL thrombin or Owren’s buffer by depositing the 

reagent in the middle of strip channels which then spread and cover the entire channel 

by capillary action . The flow rates of the various fluids on the control and test strips 

were compared and the effect of thrombin triggering clotting was calculated and 

quantified (n=3). As shown in Fig. 3.4A, on the strip modified with buffer, the flow rate 

of water was the highest, followed by that of serum, whilst that of plasma was the 

slowest. Since no clotting occurs in any of these, the differences in flow rate were 

predominantly due to differences in viscosity, with water being the least viscous 
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travelling fastest and plasma, the most viscous, travelling slowest. It could also be seen 

that sample flow rates were very fast within the first twenty seconds. This could be 

attributed to the sample deposition process which tended to initially force the sample to 

travel faster. On the thrombin-modified strip (Fig. 3.4B), the order of sample flow rate 

was the same, but all the samples travelled at slower rates than on the buffer-modified 

strip, suggesting that the presence of the thrombin reagent on the test strips generally 

reduced sample flow rate. This could be due to the fact that the thrombin reagent maybe 

more hydrophobic and requires rehydration, and may also reduce the porosity of the 

paper strip. However, the plasma sample in which clotting occurs, covered a much 

shorter distance than that of serum and water.  

 

 

 

Fig. 3.4. Flow rates of 70 µL water, serum or plasma samples on 5 x 80 mm paper strips 

modified with 90 µL of (A) Owren’s buffer, and (B) 50 NIH/mL thrombin. Reagents were 

deposited at the centre of the strip (n=3).  
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The additional reduction in flow rate and distance (7.6 mm) covered by the plasma 

compared to that of serum was attributed to coagulation. Furthermore, while water, 

serum, and plasma continue to flow parallel on buffer modified strips, on the thrombin 

modified strips, only water and serum continued to flow parallel while the plasma did 

not, another indication of coagulation effect. 

 

 

3.2.3 Investigation of the deposition of thrombin on paper strips 

Different techniques such as spray coating, inkjet printing, drop casting and others have 

been used to deposit assay reagents on test strips (Akyazi et al., 2018) and the 

technique used will affect the distribution of reagent on strips as well as the cost of the 

assay. The initial deposition technique explored here was drop casting, since it was 

simple to perform in the laboratory. When using drop casting, the quantity and 

distribution of reagent on the strip will depend on its volume and location of deposition, 

which will, in turn, affect the clotting rate and flow rate. To explore the impact of these 

parameters on assay behaviour further, the flow rate of normal plasma on strips 

modified by depositing thrombin at different locations on the strip using drop casting 

were compared. Solutions of thrombin were placed on strips in four configurations:  

a. Sample application zone (see Fig. 2.2)  

b. Distributed along the channel in 30 µL volumes applied at 2 cm intervals 

c. Midway along the channel 

d. At the end of the channel  

 

As shown in Fig. 3.5A, sample flow rate was lowest when the thrombin reagent was 

deposited at the sample application zone and highest when it was deposited at the end 

of the channel. The flow rate was midway between these two when the reagent was 

deposited midway along the channel, or in small volumes along the channel, with flow 

rate slower on the strips on which the reagent was distributed in small volumes. This 

suggested that the thrombin had maximum impact on fibrin formation when brought into 

contact with the sample as early as possible. 

 

Sample flow behaviour was also assessed on test strips with thrombin deposited using 

inkjet printing. In this case, the channel dimensions were reduced from 5 x 80 mm to 3 

x 36 mm and the reagent and sample volumes were reduced accordingly to 20 µL and 

27 µL respectively to reduce reagent consumption and sample usage. A circular sample 



58 
 

zone of 5 mm was also introduced at the beginning of the fluidic channel to better 

accommodate application of the sample droplet (Fig. 2.2). Thrombin was printed on 

strips in layers of one to five (n=3). The strips were printed at ambient temperature with 

the inkjet printer set at 40 V and the flow rate of the plasma sample (20 µL) on the strips 

recorded at 37oC. The distances covered by normal plasma samples on the strips after 

five min are shown in Fig. 3.5B. The number of layers of thrombin clearly affected the 

distance covered by plasma with more layers leading to shorter distances. Inkjet printing 

could be a means of potentially distributing thrombin evenly across the strips. However, 

the nozzles of the printer cartridge tended to be easily blocked/occluded by the reagent 

and so was not practical for initial assay development. The distance reductions achieved 

by the drop cast methodology were also comparable with ink jet printing. Further assay 

development was performed by depositing the reagent at the sample zone using the 

drop casting method.  

 

 

Fig. 3.5. Effect of thrombin reagent deposition on plasma sample flow rate. Deposition of 90 

µL 50 NIH/mL thrombin: A) at different positions along the 5 x 80 mm strip fluidic channel 

(n=3), B) using Inkjet printing with multiple depositions of reagent (n=3). 
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3.2.4 Determination of the effect of thrombin activity on sample flow rate  

As has been established, the flow rate of the plasma sample on the test strips is 

dependent on the rate of coagulation as well as the magnitude of flow inhibition caused 

by the immobilised reagent. Thrombin reagents are composed of thrombin which may 

differ in source (e.g., human or bovine), as well as stabilisers and other reagents, which 

may vary in their composition. These differences in composition could cause differences 

in hydrophobicity, rehydration, and sample retention. The ideal thrombin reagent for 

lateral flow fibrinogen measurements would be one with the least impact on sample flow 

because any effect that impedes sample flow besides clotting impairs analytical 

sensitivity and dynamic range. Two types of thrombin reagent were explored in this work 

which were a lyophilised thrombin from bovine plasma (T4648, Sigma-Aldrich) and a 

bovine thrombin from a Clauss fibrinogen assay kit (5556, Helena Biosciences). 

Following preliminary flow rate studies in a non-clotting control setting (data not shown), 

the Sigma-Aldrich thrombin retarded the plasma sample far more than the Helena 

Biosciences thrombin and hence the latter was chosen for further development of the 

assay. The thrombin from Sigma-Aldrich (T4648) was also found to take longer to 

dissolve than the one from Helena which could be due to purity difference, the one form 

Helena being purer. 

  

Having selected an appropriate thrombin material, it was necessary to optimise 

thrombin activity and its effect on plasma sample flow behaviour across a range of 

fibrinogen concentrations. The strips used in thrombin optimization and later 

developments of the assay were conducted using strips with smaller channels (3 x 36 

mm). The strips were modified with 27 µL thrombin reagent from 10 to 50 NIH/mL and 

20 µL plasma samples were applied (n=3, Fig. 3.6A). Sample flow had typically ceased 

at approximately 300 s (5 min). The distance travelled in that time for 50 NIH/mL was 

9.0 ±0.0 mm while for 10 NIH/mL was 21.7 ±1.2 mm, The response also appeared to 

be non-linear at higher thrombin activity, with only fractional decreases over 30 and 40 

NIH/mL, suggesting that at 50 NIH/mL, the effect on clotting was close to maximum.  
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Fig. 3.6. (A) Flow rates of normal human plasma (20 µL) on strips (3 x 36 mm) modified with 27 

µL thrombin at 10 to 50 NIH/mL. (B) Distance travelled by plasma samples after 300 s. 

 

However, while the most rapid clotting rate might mean the fastest assay speed, it might 

not be optimal for other assay parameters such as dynamic range, sensitivity, linearity, 

and reproducibility. Normal human plasma has a fibrinogen concentration of approx. 2.8 

mg/mL, which typically varies  in the range of <1 to >5 mg/mL  in hypo- and 

hyperfibrinogenaemic conditions, respectively (Besser and MacDonald, 2016; Machlus 

et al., 2011). Optimization of thrombin activity was, therefore, critical to ensure that the 

assay can operate across this clinically relevant range. Optimisation of thrombin activity 

at a fibrinogen concentration of only 2.8 mg/mL might limit assay range, particularly at 

lower fibrinogen concentrations. Therefore, the impact of both thrombin activity and 

fibrinogen concentration on sample flow were investigated.  

 

Three plasma fibrinogen concentrations  of 1.77, 4.64, and 9.28 mg/mL (covering the 

entire clinically relevant range) were investigated with thrombin at 20 and 50 NIH/mL  
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deposited either midway in the channel, or at the sample application zone, as these had 

earlier been shown to be most effective (Section 3.2.2). The fibrinogen standards were 

prepared by dissolving lyophilised fibrinogen (F3879) in a low fibrinogen plasma (1.5 

mg/mL). Optimum activity of thrombin was thought to lie between 20 and 50 NIH/mL). 

Lower activity (<20 NIH/mL) could render the assay less robust and precise while very 

high activity (>50 NIH/mL) could lead to a narrow linear range and less sensitivity. 

 

As shown in Fig 3.7, the response to fibrinogen concentration was not linear as was 

found previously in a polymer-based lateral flow assay platform (Dudek et al., 2010). At 

50 NIH/mL applied at the centre of the strip, this yielded a relatively low sensitivity/slope 

(-2.39 mm/mg/mL). Reducing the thrombin activity down to 20 NIH/mL when applied at 

the centre of the strip gave a steeper slope and better sensitivity (-4.09 mm/mg/mL). 

However, the slope was improved even further to -6.70 mm/mg/mL when the strips were 

coated by applying 20 NIH/mL of thrombin at the sample zone instead of midway along 

the channel. From an AVOVA, the three slopes were found to be significantly different 

(p<0.001) and that the graph generated from applying thrombin (20 NIH/mL) at the strip 

sample zone (Fig. 3.7 c) gave the steepest slope, and therefore the best sensitivity. This 

also gave the best correlation between distance and sample fibrinogen content (r= 

0.9954). Based on these findings, it was decided to apply the thrombin reagent at the 

sample zone. 

 

 

Fig. 3.7. Distance travelled by 20 µL plasma fibrinogen samples after 300 s on strips modified 

with  27 µL thrombin a) at 50 NIH/mL applied mid-way along the channel (y = -2.385In(x) + 

11.89, r=0.953); b) at 20 NIH/mL applied mid-way along the channel (y = -4.093In(x) + 21.30, 

r=0.997); c) at 20 NIH/mL applied at sample zone (y = −6.7In(x) + 25.90, r=0.995) (n=3). 
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3.2.5 Optimization of thrombin activity and sample volume 

Reduced activity of thrombin (20 NIH/mL) showed better sensitivity and correlation 

between sample fibrinogen concentration and distance travelled compared to higher 

thrombin activities (section 3.2.3), but thrombin activity had not been fully investigated. 

It was therefore necessary to further investigate this to establish the activity of thrombin 

at the 27 µL reagent volume most suitable for the assay. The effect of thrombin activity 

on the assay performance was examined again using three fibrinogen standards 

(prepared as in section 3.2.3) of 1.47 (low), 3.70 (normal) and 6.36 (high) mg/mL and 

each of these was tested at thrombin activities of 20, 30, 40, and 50 NIH/mL with the 

reagent deposited at the sample zone of the strip (n=3). The analytical parameters are 

summarised in Table 3.1. The assay at 30 NIH/mL gave the overall best performance 

with the best combination of sensitivity, precision, and linearity, and so was adopted for 

further assay development. It may be that higher thrombin activities lead to faster 

coagulation rates, potentially higher precision, and shorter assay times, but at the 

expense of dynamic range and sensitivity. On the other hand, a lower thrombin activity 

could enhance sensitivity, but lead to lower precision and possibility longer assay time.  

30 NIH/mL appeared to be the thrombin activity for best assay performance and was 

therefore used for further development of the assay.  

 
 
Table 3.1. Analytical performance parameters for fibrinogen calibration assays across a range 

of thrombin concentrations. Assays based on 20 µL fibrinogen standards of 1.47, 3.70 and 6.36 

mg/mL and 27 µL thrombin reagent and the slopes based on log concentrations. 

Thrombin  
(NIH/mL) 

Slope  
(mm/ln[mg/mL]) 

r Mean  
SD 

20 -3.398 0.971 1.69 

30 -5.471 0.993 0.80 

40 -1.800 0.997 2.17 

50 -2.806 0.985 2.52 

 

 

Another parameter that critically affects analytical performance is sample volume, 

influencing accuracy, sensitivity, precision, and in this particular assay, sample travel 

distance and assay time. Minimising the sample volume reduces the burden on patients 

at POC settings. However, reduced sample volume also decreases precision in the 

volume of sample delivered which influences accuracy. In this assay in particular, large 

sample volume encourages bulk flow across the strip rather than capillary action 

through it, which reduces the contact between fibrinogen in the sample and thrombin on 



63 
 

the strip surface, potentially reducing both precision and sensitivity. Sample volume was 

optimised in the range of 20 to 26 µL using 27 µL of 30 NIH/mL thrombin, with 

measurement using three fibrinogen standards (low, normal, and high), with the assay 

performance characteristics summarised in Table 3.2. A sample volume of 26 µL gave 

the highest sensitivity (slope of -6.561), but poorest correlation (r=0.825) and precision 

(3.09 mean SD), while 22 µL gave better sensitivity than 20 µL and 24 µL volumes and 

had adequate correlation  (r=0.977) and precision (0.80 Mean SD). A sample volume of 

22 µL was chosen as optimal based on the best overall combination of regression 

coefficient, precision, and sensitivity. Precision was determined from the mean standard 

(mean SD) deviation of all the measurements made at each parameter value (e.g., 20, 

22 µL etc sample volume). The lower this value, the higher the precision. 

   

Table 3.2. Analytical performance parameters for fibrinogen calibration assays across a range 

of sample volumes. Assays based on 30 NIH/mL thrombin and fibrinogen standards of 1.10, 

2.84 and 5.68 mg/mL, (n=3) and slopes based on log concentrations. 

 

3.2.6 Calibration of the paper-based lateral flow fibrinogen assay device 

Having optimised key assay parameters such as strip design, sample volume, thrombin 

reagent, and reagent deposition point, it was necessary to undertake detailed calibration 

of the assay. Eight plasma fibrinogen standards across a concentration range of 0.87 

to 7.4 mg/mL were prepared, measured using a reference coagulometer instrument 

(Yumizen G200) and tested on the device (n=3) (Table 3.3). The data shows an average 

standard deviation and CV of 0.8 and 5.5%, respectively, all of which were below 10%, 

which indicated adequate precision. The data also shows that the sensitivity of the assay 

was greater at lower fibrinogen concentrations than at higher concentrations given that 

distance values were closer together for higher concentrations and further apart for 

lower concentrations. For instance, the sample distance for 0.78 and 1.17 mg/mL were 

2.1 mm apart while for 5.68 and 7.40, the sample distances were 1.3 mm apart. This 

could be due to the fact that higher fibrinogen concentrations cause faster coagulation 

rates and shorter sample distance which forces distance values closer to each other, 

Sample volume 
(µL) 

Slope 
(mm/ln[mg/mL]) 

r Mean 
SD 

20 -4.701 0.963 0.79 

22 -5.373 0.977 0.80 

24 -4.579 0.999 1.75 

26 -6.561 0.825 3.09 
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while lower fibrinogen concentrations lead to slower coagulation rate with longer 

distances, making the distance values to spread out (Lo et al., 2006).  

Table 3.3. Calibration data of optimised fibrinogen assay device. 27 µL reagent volume, 20 µL 

sample volume and 5 min assay time (n=3). 

Fibrinogen 
concentration 

(mg/mL) 

Sample distance (mm) 

i ii iii Mean SD CV (%) 

0.87 21.5 20.0 19.5 20.3 1.0 5.1 

1.17 18.0 20.0 16.5 18.2 1.8 9.7 

2.13 16.0 15.5 15.5 15.7 0.3 1.8 

2.83 14.0 13.0 13.0 13.3 0.6 4.3 

3.46 13.0 12.0 12.5 12.5 0.5 4.0 

3.82 11.5 11.0 12.5 11.7 0.8 6.5 

5.68 11.5 11.0 10.0 10.8 0.8 7.1 

7.40 9.0 9.5 10.0 9.5 0.5 5.3 

Mean             0.8 5.5 

 

The relationship between the plasma fibrinogen concentration as determined by the 

Yumizen G200 and the performance of the assay device with confidence intervals are 

shown in Table 3.4 and Fig. 3.8. The response was curvilinear with an excellent fit to an 

semi-inverse logarithmic plot with a slope of -5.058 and r of 0.991. The minimum, mean, 

and maximum CVs of travel distance (n=3) were 1.8, 5.5, and 9.7%, respectively (Table 

3.3). 

Table 3.4. Fibrinogen concentrations and their corresponding sample travel distances with 95% 

confidence interval. 27 µL 30 NIH/mL thrombin and 22 µL sample (n=3) used. 

Fibrinogen 
concentration  

(mg/mL) 

Distance  
(mm) 

Confidence 
Interval 
(95%) 

Lower 
confidence 

interval 

Upper 
confidence 

interval 

0.87 20.3 1.2 19.2 21.5 

1.17 18.2 2.0 16.2 20.2 

2.13 15.7 0.3 15.3 16.0 

2.83 13.3 0.7 12.7 14.0 

3.46 12.5 0.6 11.9 13.1 

3.82 11.7 0.9 10.8 12.5 

5.68 10.8 0.9 10.0 11.7 

7.40 09.5 0.6 8.9 10.1 

 

Using the regression expression y = -5.058In(x) + 19.143 from the calibration curve (Fig. 

3.8), the distance equivalence for specified fibrinogen concentrations in the range of 0.5 

to 7 mg/mL was calculated and the results with their upper and lower 95% confidence 

limits are given in Table 3.5. The distance values from 16.0 to 11.5 mm were considered 

to indicate normal range (2 to 4 mg/mL fibrinogen). Distances below 11.5 mm indicate 
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hyperfibrinogenaemia while distance values above 16.5 mm show hypo-

/dysfibrinogenaemia.  

 

 

Fig. 3.8. Calibration curve of concentration of fibrinogen standards as determined by Yumizen 

G200 versus distance travelled after 300 s for the optimised paper-based fibrinogen assay. 

Assay based on deposition of 27 µL 30 NIH/mL thrombin and 22 µL sample (n=3 repeats). 

Equation of the line, y = -5.058In(x) + 19.143 (r = 0.991). Dashed lines: 95% confidence. 

 

Table 3.5. Fibrinogen concentrations and their corresponding calculated distance values. 

Normal range highlighted in grey.  

Fibrinogen 
concentration 

(mg/mL) 

Distance  
(mm) 

95% 
confidence 

interval 
(mm) 

Lower 
confidence 

limit 
(mm) 

Upper 
confidence  

Limit 
(mm) 

0.50 22.6 0.8 23.3 21.8 

1.00 19.0 0.7 19.7 18.4 

2.00 15.5 0.5 16.1 15.0 

3.00 13.5 0.4 13.9 13.1 

4.00 12.0 0.4 12.5 11.6 

5.00 10.9 0.5 11.4 10.4 

6.00 10.0 0.7 10.6 9.3 

7.00 9.2 0.8 10.0 8.4 

 

 

3.2.7 Validation of the paper-based lateral flow fibrinogen assay device 

The assay was validated during the COVID-19 pandemic and there was no access to 

clinical samples for validation studies. Instead, ‘artificial’ samples constructed from 

commercial plasmas and lyophilised fibrinogen were developed to validate the assay. 

The samples were prepared by mixing low and normal fibrinogen plasmas as well as 
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supplementing plasmas with lyophilised fibrinogen to create unknowns with fibrinogen 

concentrations in the regions of low (0.8 to 1.2 mg/mL), normal (2 to 3 mg/mL), and high 

(≥4 mg/mL). In total, 20 samples were prepared and tested in triplicates on the device 

and on the Yumizen G200 coagulometer. The measured distance values from the 

device were converted into their fibrinogen concentration equivalents in mg/mL (Table 

3.6) using the calibration expression (y = -5.058In(x) + 19.143) and compared with the 

results from the Yumizen analyser using linear least squares regression (Fig. 3.9A) and 

Bland-Altman analysis (Fig. 3.9B). 

Table 3.6. Tabulation of fibrinogen concentrations in mg/mL calculated from travel distances on 

assay strips based on the regression equation (Fig. 3.7) and corresponding results from 

Yumizen G200. 

Sample 

Developed Assay Yumizen G200 

Distance 
(mm) 

Fibrinogen 
concentration      

(mg/mL) 
SD 

Fibrinogen 
concentration 

(mg/mL) 
SD 

1 13.83 2.93 0.76 2.81 0.07 

2 13.17 3.26 0.18 2.78 0.06 

3 13.67 3.00 0.64 2.75 0.08 

4 13.83 2.92 0.74 2.67 0.16 

5 14.83 2.35 0.14 2.79 0.05 

6 14.50 2.51 0.25 2.97 0.11 

7 13.67 3.11 1.14 2.77 0.04 

8 13.33 3.17 0.35 2.77 0.04 

9 18.00 1.36 0.60 1.19 0.06 

10 19.67 1.00 0.47 1.18 0.04 

11 17.17 1.56 0.64 1.20 0.01 

12 18.83 1.06 0.06 1.15 0.11 

13 20.17 0.82 0.12 0.87 0.02 

14 20.33 0.80 0.16 0.88 0.04 

15 20.50 0.77 0.08 0.91 0.05 

16 20.67 0.74 0.04 0.85 0.04 

17 11.00 5.11 1.24 4.72 0.19 

18 11.17 4.85 0.27 4.41 0.01 

19 11.83 4.25 0.25 4.47 0.11 

20 11.67 4.40 0.52 4.66 0.17 

Mean   0.43  0.07 

 

Looking at the data in Table 3.6, it can be seen that the developed assay had a mean 

SD of 0.43, which was less precise than the reference method which had a mean SD of 

0.07. This variability of the assay could be due to the non-uniform nature of the paper 

substrate used with uneven distribution of paper fibres and varying porosity. However, 

with replicate measurements, the device had a satisfactory agreement, adequate for the 

determination of the bleeding tendency of patients.  
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With a slope of 1.03, and a very small offset of 0.02 mg/mL, the assay showed an 

excellent agreement with the reference method (Fig. 3.9A). The assay also had good 

linearity across the entire clinically relevant range and a very good correlation coefficient 

of r=0.979. It had a wide dynamic range  (0.5 to 7 mg/mL) and an adequate agreement 

with the well-established routine reference method, as indicated in the Bland-Alman plot 

(Fig. 3.9B), making the performance of this device acceptable.  It was capable of making 

reliable measurements of fibrinogen at concentrations across the full range found in 

human plasma and thus suitable for both hyper- and hypofibrinogenaemic conditions, 

in contrast to the very narrow assay ranges of other recent works Bialkower, et al., 

2020). Furthermore, this method is simple, robust, and single step, making it more user 

friendly and less prone to errors and interferences. It is also compact, portable, and 

instrument-free which makes it highly suited to point-of-care application.   

 

Fig. 3.9. Validation of the paper-based fibrinogen assay device in artificial plasma samples. (A) 

Correlation between paper-based device and Yumizen G200 fibrinogen assay reference 

method. Slope 1.03, intercept of 0.02 and r of 0.979 (20 samples, 3 repeats). (B) Bland-Altman 

shows that all of the data points fall within the range between the upper limit of agreement (U 

LOA) and the Lower limit of agreement (L LOA), signifying adequate agreement between the 

two methods. 
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3.2.8 Investigation of the effect of temperature on device storage and operational 

stability 

For devices intended for low resource environments, the test strips should be less prone 

to variations in environmental conditions such as humidity and temperature during 

operation. Furthermore, for affordable usage, mass production and storage, the test 

strips should have long storage working lives. The type of packaging and storage used 

also add cost and complexity to the fabrication process of devices. It was therefore 

necessary to examine the operational robustness of the device and the most ideal cost-

effective option for storage of the test cartridges.  

To test the operational stability of the device with reference to variations in ambient 

temperature, test strips were prepared and evaluated with normal plasma at a range of 

temperatures (25 to 40C) likely to be encountered in remote tropical areas. As shown 

in Fig. 3.10, although not statistically significant (p=0.169), the sample travel distance 

appeared to decrease with increasing temperature from 25 to 35oC, consistent with the 

dominant effect of enzymatic activity in speeding up clotting rate over the effect of 

reducing viscosity which promotes faster and longer flow distances. However, a larger 

sample set would be required to confirm this. An increased travel distance was 

registered at 40oC which could be caused by reduced enzymatic activity due to too high 

temperature coupled with further decrease in sample viscosity. This finding suggested 

that the assay results would be influenced by variations in temperature. To overcome 

this defect, different measurement scales could be developed and used for different 

temperatures. Also, patient plasmas could be run alongside normal ones with known 

fibrinogens levels and distance ratios used to work out the fibrinogen level in the 

unknowns. The latter could be used to get around the effect of humidity as well. 
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Fig. 3.10.  Effect of operating temperature on assay results showing the distance travelled by 

normal plasma on test strips at different temperatures. 27 µL of 30 NIH/mL thrombin and 22 µL 

sample volume (n = 3) and assay time of 300 s. 

 

To assess the effect of storage conditions on working life, test strips were placed in 

folded paper sheets and sealed under vacuum in aluminium pouches along with a 

sachet of desiccant and stored at different temperatures for four weeks. At the end of 

each week, strips were removed and tested with normal plasma for performance. As 

shown in Table 3.7, sample distance on strips stored in the fridge and freezer remained 

within the acceptable performance range (13.17 ±0.76) for 0 to 21 days (p=0.590 and 

0.877, respectively). The results on day 21 for both the fridge and freezer also 

maintained acceptable precision (CV = 0.0% and 5.8%, respectively). However, on day 

28 for the fridge and freezer, although not significantly different from day zero (p=0.380, 

and 0.497, respectively), these had reduced precision (CV=20.8%, and 23.2%, 

respectively). The apparently increased variability at day 28 could be due to thrombin 

on strips losing its activity and were less reliable. Further work to stabilise these 

reagents would be critical for the deployment of these devices in the field. 

 

Table 3.7. Effect of storage conditions on clotting properties of paper-based fibrinogen assay 

strip s (n=3).  

Storage conditions 

Distance travelled by normal plasma (mm)  
after number of days storage 

Day 0 Day 7 Day 14 Day 21 Day 28 

Freezer (-15 to -18oC) 

13.17 ± 
0.76 

12.83 ± 0.76 13.00 ± 1.00 12.67 ± 0.58 14.67 ± 3.40 

Fridge (4 to 6oC) 13.50 ± 1.50 12.50 ± 0.50 13.00 ± 0.00 15.00 ± 3.12 

Ambient (18 to 23oC) 13.00 ± 0.00 11.83 ± 1.76 11.17 ± 0.76 11.67 ± 1.04 

Oven (37oC) 10.83 ± 0.58 12.67 ± 0.29 12.33 ± 1.04 10.67 ± 0.76 
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As for the strips stored under ambient conditions (18 to 23oC), the sample distance was 

within the working range after the first week and appeared reduced in the following 

weeks. This may have been due to the increased desiccation of those strips, making 

them more hydrophobic. The travel distances on strips stored at elevated temperature 

(37oC) varied considerably and were generally below the working reference range which 

could also be attributed to increased drying. However, it is safe to say that if the test 

strips are packaged and stored in a fridge or freezer (≤6oC), they could remain viable 

for 21 days without further stabilisation, comparatively longer than that reported by 

Magdalene et al (2010).  

 

In summary, a compact, paper-based lateral flow device that can reliably measure 

fibrinogen concentration in human plasma within five minutes was developed in this 

work. It comprises a disposable paper-based assay strip with immobilised thrombin 

reagent and a reusable plastic holder. The device uses a simple distance readout 

format, requires no instrumentation, and correlates adequately well with a routine 

laboratory coagulometer (r=0.979). A number of similar devices have been reported in 

literature but each of those devices either have a narrow dynamic range (Bialkower et 

al., 2020), are not compact/portable (Bialkower et al., 2019), require complex fabrication 

and instrumentation methodology (Dudek et al., 2011b; Guan et al., 2020) or use non-

biodegradable materials (i.e. polymer) as substrates (Dudek et al., 2010) and so are not 

ideal for use in resource scarce and emergency settings. The device developed in this 

work, however, is low-cost, compact/potable, instrument free, easy to operate, 

environmentally friendly, adequately reliable and have a wide dynamic range (0.5 to 7.0 

mg/mL) that covers the entire range of clinically relevant fibrinogen concentrations in 

human plasma. It is therefore environmentally friendly and comparatively more suitable 

for POC fibrinogen measurements in low-income and emergency situations.   

 

3.3 Conclusion 

A paper-based lateral flow assay device was developed for the measurement of 

fibrinogen in blood plasma. The device was fabricated using a chromatography paper 

as a substrate,  wax printing to define strip geometries  and 3D printing to fabricate strip 

holders. The paper test strips were modified with thrombin which was brought into 

contact with a deposited plasma sample, inducing fibrin clot formation and altering the  

sample flow rate and the distance travelled by the sample in a manner relative to the  

sample fibrinogen concentration. The distance travelled by the sample was inversely 
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related to fibrinogen concentration. The device could be conveniently read visually using 

a millimetre graduation scale after five minutes following sample application. It was 

capable of measuring fibrinogen in a concentration range of 0.5 to 7.0 mg/mL with a 

strong correlation (r = 0.979) with a routine laboratory coagulometer. The test strips, 

when packaged with a desiccant in aluminium foil pouches and stored in a fridge or 

freezer, remained stable and functional for 21 days. The device was low cost and simple 

to operate and therefore ideal for measuring fibrinogen in low resource and emergency 

settings. However, assay results could be influenced by humidity and temperature 

variations. This could be overcome by using different temperature reading scales or 

running patient plasmas with normal plasmas and calculating the unknown from 

distance ratios. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



72 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. DEVELOPMENT OF A PAPER-BASED LATERAL FLOW 

PROTHROMBIN ASSAY DEVICE 
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4.1 Introduction   

Prothrombin Time (PT) is a routine screening test for evaluating the activity of the 

extrinsic and common coagulation pathways. It is used for detecting congenital and 

acquired deficiencies of coagulation factors in the extrinsic and common pathways and, 

along with its standardised format, the International Normalised Ratio (INR), it has 

become an essential test in diagnosing bleeding and clotting disorders (Dorgalaleh et 

al., 2021; Kitchen et al., 2018). Among other things, PT is requested for assessing 

unexplained bleeding, (Winter et al., 2017), induction and monitoring oral anticoagulant 

therapies using vitamin K antagonists (Shih et al., 2012; Levy et al., 2014), monitoring 

pre-, peri-, and post-operative coagulation status of patients (Guler et al., 2018), 

checking liver function in coagulation factor synthesis (Levy et al., 2014) and diagnosing 

DIC and detecting antiphospholipid antibodies. With its many applications, PT has 

become a routine and frequently ordered test in hospitals, clinics, and GP offices.  

 

For laboratory-based PT analysis, the blood sample is collected in a tube containing 

sodium citrate which removes free calcium ions from solution via chelation and renders 

the sample anticoagulated (Fig. 4.1). The anticoagulated sample is then centrifuged, 

typically at 1600 x g  for 15 minutes to remove cellular components and produce platelet 

poor plasma (PPP) (Dashkevich et al., 2014).  

 

 

 

 

 

 

 

Fig. 4.1. The structure of sodium citrate and its reaction with calcium. Calcium becomes bound 

to the sodium citrate and is unavailable to act as a cofactor in coagulation. 
 

As shown in Fig. 4.2, PT generally involves adding a thromboplastin reagent along with 

calcium to citrated plasma or whole blood and measuring the time it takes for initial 

detection of the fibrin clot. Conventionally, this is performed either manually using test 

tubes with visual detection of the onset of clot formation, or instrumentally in which clot 

formation causes changes in light transmission or light scattering (Rifai, 2018). 
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Fig. 4.2. Schematic of prothrombin time test showing a series of enzymatic reactions initiated 

by addition of thromboplastin and calcium and leading to conversion of fibrinogen (FI) to fibrin 

(FIa) which polymerises to form a clot. 

 

Thromboplastin is typically a mixture of tissue factor, which initiates the clotting process 

via the extrinsic pathway, and phospholipids which provide a pro-coagulant surface for 

clotting factor binding. They may be supplied as either a liquid or a lyophilised solid. 

They may also contain calcium, or this may be provided separately. Thromboplastin 

reagents are produced from human or animal tissue extracts e.g.,  rabbit brain or human 

placenta, or via production of recombinant human tissue factor (RHTF) and synthetic 

phospholipids (Smith et al., 2006; Smith and Morrissey, 2004).  

 

Due to variations in the sensitivity of individual reagents, a calibration system was 

developed in which each thromboplastin reagent was assigned an international 

sensitivity index (ISI) value with respect to the international WHO reference called the 

International Reference Preparation (IRP) which has an ISI value of 1.0. The ISI value 

is a measure of sensitivity of a particular thromboplastin reagent to changes in the level 

of Vitamin K-dependent clotting factors, the higher the value the less sensitive the 

reagent. The reagents with recombinant thromboplastins i.e., those using RHTF and 

synthetic phospholipids generally tend to have low ISI values (i.e. close to 1.0) and are 

considered most ideal for conventional PT assays (Smith and Morrissey, 2004). 

Thromboplastins from crude extracts of human and animal origin tend to have slightly 

higher ISI values partly because they are less pure. According to a study by Smith et al. 

(2006), the sensitivity of a particular thromboplastin reagent tends to be influenced by 

its phospholipids and sodium chloride content. Furthermore, thromboplastins of similar 
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ISI values show differences in their sensitivity towards each of the concerned clotting 

factors. It is also known that reagent sensitivity is influenced by the type of coagulometer 

or testing method used (Lee et al., 2014).  

 

There are many different PT assay methods which can be categorised into manual, 

instrumental/automated, and POC methods. Manual and automated methods are 

conducted in research and clinical laboratories, while POC methods are designed for 

near patient and community-based settings. In a manual method, a mixture of 

thromboplastin and excess calcium ions is added to a PPP sample at 37oC and the time 

interval between addition of reagent and onset of clot formation is measured. This 

method, although not very costly, requires skill and laboratory infrastructure. The 

method is also fairly accurate and precise for PT values within the normal range, but 

precision decreases significantly as PT values increase which is due to the difficulty in 

precisely visualising the onset of clot formation. Automated laboratory instruments use 

the same principle, but the onset of clot formation, which is optically or electrochemically 

detected and digitally read, is typically more convenient, accurate and precise than the 

manual method. However, automated laboratory methods are more costly and also 

require expertise and infrastructure. Clearly, manual and automated laboratory 

instrumental methods are adequate and excellent for inpatient care, but are not suitable 

for community-based care especially for remote and low-income areas (Hood and Eby, 

2008). The need for monitoring at primary care and in community and home-based 

settings has necessitated the development of POC PT assay devices. Current POC 

devices that perform clotting time tests including the PT are: CoaguCheck® XS (Roche 

Diagnostics Cooperation), which uses electrochemical detection, CoagMax (Microvisk 

Ltd), which uses elasto-mechanical detection, and Hemochron Signature (Werfen), 

which uses cessation of blood flow in a micro-channel for detection. These devices are 

mainly semi-automated and depending on the detection method, they use disposable 

cartridges or test strips that contain electrodes, or magnetic particles and reagents. Most 

of these devices exhibit good performance and adequate reliability. However, their 

instrumental complexity and relative cost limit their use, particularly in developing 

countries (Yang et al., 2004).  

 

Coagulation assay methods based on microfluidic platforms using detection techniques 

such as impedance (Ramaswamy et al., 2013; Anubhuti and Shantanu, 2020), 

frequency shift in quartz crystal microbalance (Andersson et al., 2005a), fluorescence 
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(Andersson et al., 2005b; Dudek et al., 2011), and centrifugal force (Lin et al., 2014); 

have also emerged in a bid to develop novel simplified PT assays. Most of these 

methods also lack compactness, which is a necessary requirement for POC testing. 

Coagulation testing devices that use polymeric substrates and distance-based detection 

techniques have also been developed in a bid to simplify the PT test. Such devices 

require either pumps (Guler et al., 2018) or micropillars (Dudek et al., 2011) to induce 

sample flow along the fluidic channel, of which the former introduces instrumental 

complexity. Devices based on polymeric substrates are also not environmentally 

sustainable, and with approaches based on paper rapidly increasing in interest due to 

their low cost, simplicity, and sustainability (Li and Steckl, 2019), polymer-based 

substrates are no longer an attractive solution.  

 

In this study, the aim was to develop a passive, cellulose paper-based prothrombin 

assay in which capillary action within the paper would drive the flow of the sample which 

would come into contact with a deposited thromboplastin reagent to induce coagulation. 

The distance travelled by the sample would be the measured signal which would be 

determined visually. The assay was expected to be simple and user friendly, have a 

short turnaround time, and be economically and environmentally sustainable and most 

importantly suitable for remote and low-income areas. 

 

The first task undertaken was assessment and identification of the effect of 

thromboplastin triggered clotting on sample flow rate and travel distance. This was 

conducted by testing plasma, serum, and buffer samples on test and controls strips and 

studying their flow behaviours. The identified effect i.e., reduction in sample flow rate 

and distance travelled due to clotting, was enhanced by assessing and optimizing 

different assay parameters such as thromboplastin type and amount, paper type, strips 

geometry, and sample volume. The device was then calibrated using plasmas of 

different PT values to establish the distance equivalent of different PT values in seconds 

after which it was validated against an established hospital PT method with both 

artificially constructed and real patient plasma of wide range PT values. It showed a 

satisfactory correlation with the hospital method for plasma samples with PT values 

within the range of 9.8 to 40.0 s. 
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4.2 Results and discussion 

4.2.1 Investigation of paper substrates for lateral flow prothrombin assay 

In the development of the paper-based fibrinogen assay (Chapter 3), only Whatman No. 

1 chromatography paper was investigated as a substrate. However, the fibrinogen 

assay comprised a very short reaction sequence requiring just two enzymes (thrombin 

and fibrinogen monomers) and essentially just two reaction steps (i.e., action of 

thrombin on fibrinogen and polymerisation of the resulting fibrin monomers). Exogenous 

thrombin deposited on the test strips converted fibrinogen into its monomers which 

polymerised and formed a clot. Having only a few reaction steps made it more efficient 

and potentially more robust. A prothrombin assay, on the other hand, involves many 

coagulation factors and a longer sequence of reactions and the principal factor, 

thrombin, has to be generated from those reactions before it converts fibrinogen into 

fibrin. The rate of clot formation is, therefore, likely to be slower, which will result in 

different lateral flow assay dynamics. Papers with different pore sizes and thicknesses 

might be more optimal for use in the prothrombin assay.  

Different grades of paper vary in their properties such as chemistry (e.g., cellulose 

versus nitrocellulose), thickness, pore size and linear water flow rate, all of which could 

potentially influence the suitability for fabrication of test strips and the performance of 

any assay. In addition to the Whatman No. 1 chromatography paper already used, two 

other cellulose-based papers (Whatman SG81 and Whatman 3MM) were investigated 

in the development of the prothrombin assay (Fig. 4.3). Whatman No. 1 has a very 

smooth surface, a thickness of 0.18 mm, 11 µm pore size and 130 mm/30 min water 

flow rate and is the most widely used in assays and chromatographic separations 

(Manisha et al., 2018). In this work, the Whatman No. 1 chromatography was also found 

to be easy to use in fabricating assay strips via wax printing and curing. The 3MM paper 

has a greater thickness (0.34 mm), slightly larger pore size (12 µm), but has a water 

flow rate similar to that of No. 1 paper (130 mm/30 min) (Mahmud et al., 2018). However, 

this paper was more difficult to print due its increased thickness i.e., it jammed the printer 

and also did not allow the wax layer to penetrate the full thickness of the paper to bring 

about a complete hydrophobic seal, and which allowed reagents and plasma samples 

to escape through the wax boundary (data not shown). It was clearly not suitable as an 

assay substrate. Whatman SG81 is composed of both cellulose and large pore silica 

particles. It has a large empty pore size, a thickness of 0.27 mm, and linear water flow 

rate of 110 mm/30 min (Primpray et al., 2019). It has been mainly used for 

chromatographic separations and enzyme assays. While it was easy to print strip 
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designs using the wax printer, it did not allow the wax to penetrate during curing and so, 

again, did not allow the formation of hydrophobic boundaries (data not shown). Of the 

three, Whatman No. 1 paper remained the most suitable and so was selected and used 

in the development of the prothrombin assay. For future work, papers slightly thicker 

than Whatman No 1 but thinner than the 3MM paper such as Whatman No 4 or DE 81 

with more uniform pore size distribution could be assessed for assay precision and 

sensitivity. 

 

 

Fig. 4.3. Scanning electron micrographs of chromatography papers (x 500, 2.00 kV) A) 

Whatman No. 1, B) Whatman SG81, C) Whatman 3MM. 

 

The initial strip design used in the prothrombin assay development was the smaller strip 

type used in the optimization and validation of the paper-based lateral flow fibrinogen 

assay device (Chapter 3). The strip had a sample zone of 5 mm diameter and a 3 x 36 

mm analytical channel on the front surface (Fig 4.4A). However, as explained in section 

4.2.4, other strip designs were later investigated and a more suited design (Fig 4.4C) 

was chosen. 

 

Fig. 4.4. Assay strip design configurations explored to improve sample behaviour. a) None 

coated base, b) Fully coated base, c) Base partially coated in sample zone. 
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4.2.2 Investigation of sample flow rates on thromboplastin-modified substrates 

The principle of the classical PT assay is to measure the time taken for a blood plasma 

sample to produce a fibrin clot via the extrinsic coagulation pathway. However, the rate 

of clot formation could, in principle, be determined by the flow rate and distance travelled 

by a plasma sample in a capillary flow-based configuration, with the rate of coagulation 

correlating with the flow rate and distance travelled by the sample. However, there are 

other factors which may affect the flow rate, among which the hydrophobicity and 

rehydration of the paper substrate and any deposited reagents are important as was the 

case in the fibrinogen assay development (Chapter 3). The thrombin modified strips 

influenced the flow rate of the control samples (water and serum) more than the buffer 

modified (Fig 4.5). The aim here was to identify and quantify the effect of thromboplastin 

activation of coagulation on sample movement and then to enhance this effect to allow 

samples across a range of prothrombin times to be determined with respect to the 

distances travelled by the sample. The effect of clotting on sample flow rate and distance 

was investigated by performing a series of experiments involving a combination of test 

and control strips with normal plasma and non-coagulating control samples such as 

serum and Owren’s buffer. The control strips (modified with 30 µL Owren’s buffer) and 

test strips (modified with 30 µL PT-Reco 10) were both tested with the three sample 

types in triplicate and their average flow rates and sample distances compared (n=3) 

(Fig. 4.5).  
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Fig. 4.5. Flow dynamics on 3 x 36 mm strips modified with 30 µL of A) Owren’s buffer, or B) PT 

Reco 10 deposited in the sample application zone, with 22 µL samples of a) Owren’s buffer, b) 

serum, or c) normal plasma (n=3). Strips with no coating on the back surface were used (Fig 

4.4a). 

 

This initial reagent and sample volumes (30 and 20 µL) were based on the optimisation 

in Chapter 3. The optimal reagent and sample volume were believed to be close to the 

optimal values in the fibrinogen assay development (27 and 22 µL, respectively).  

 

The flow rates and distances travelled by all three sample types were greater on control 

strips modified with buffer than on strips modified with PT Reco 10 reagent, indicating 

modification of the strip with PT Reco 10 inhibited flow compared to the buffer due to 

hydrophobicity and rehydration of the reagent by the sample. The flow rates and 

distances travelled by the three sample types relative to one another was attributable to 
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differences in their viscosities. On control strips, the buffer sample having the lowest 

viscosity covered the longest distance (43.17 mm), followed by serum (34.33 mm) and 

plasma, the most viscous, covered the least distance (30.67 mm). On the test strips, the 

three samples also exhibited the same order in flow rates. However, they all covered 

shorter distances compared to that of the control strips. This was most likely due to flow 

inhibition caused by the prothrombin reagent present on the surface of the test strip 

rather than any clotting effect. Looking at the distances travelled by serum and plasma 

in the presence and absence of reagent, the gap was 4.8 mm on the test strips (p=0.002)  

and 3.7 mm on the control strips (p=0.012). Although the gap appeared larger on the 

test strips compared to that on control strips, at this sample size and with additional 

error propagation this was not statistically significant (p=0.542). While it might be 

expected that clotting would occur on the test strips, and that any differences between 

the gaps might be attributable to clotting, further investigation was required to 

demonstrate if the effect was real and could be enhanced to a statistically significant 

level where it could be sensitive enough to perform a prothrombin assay. As was the 

case in the fibrinogen assay development (Chapter 3), sample flow had not changed 

after 300 s, and so the assay time chosen for the  PT assay was again 300 s. 

 

4.2.3 Optimization of thromboplastin and sample volume 

Thromboplastin reagents are typically designed for use in solution in which their optimal 

concentrations and amount have been determined with respect to the volume of plasma 

sample employed. For instance, in the case of PT Reco 10, the reagent and sample are 

mixed in a 2:1 volume ratio. Such volumes and quantities may not be optimal in a lateral 

flow configuration, and hence there was a need to study and determine the appropriate 

amounts of sample and reagent for this scenario. In lateral flow coagulation assays, the 

reagent is typically distributed and dried on the strip surface where it comes in contact 

with, rehydrates, and mixes with the sample as the latter travels down the strip channel. 

In such a configuration, a larger sample volume will encourage bulk flow in which a 

portion could escape the reagent by travelling along, rather than within the strip, while 

smaller sample volumes may clot more quickly and cover only very short distances 

which would significantly limit the assay dynamic range and sensitivity again as was the 

case in the fibrinogen assay development. However, the optimization of both reagent 

and sample volumes in the lateral flow format, in both cases, is limited by the amount of 

fluid the test strips can absorb. In the case of the reagent, the maximum amount was 

the volume that would not over-saturate the strip on a single deposition. With regards 
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to the sample, it was the maximum volume that would not overflow the fluidic channel. 

Within these constraints, both the reagent and sample can be adjusted to levels more 

suited to the lateral flow format.  

 

Based on the initial volumes of reagent and sample used in the lateral flow assay format, 

these were further studied in the ranges of 30 to 60 µL and 12 to 22 µL, respectively, by 

measuring travel distances of three plasma standards on the test strips. The plasma 

standards, Normal (N), Abnormal (A) and Severe Abnormal (SA) had corresponding PT 

values of 9, 17 and 34 s, respectively. The distance difference between N and SA at 

300 s was considered a measure of the dynamic range (Table 4.1).  

 

Table 4.1. Distance travelled after 300 s by Normal (N), Abnormal (A) and Severe Abnormal 

(SA) control plasmas for strips modified with PT Reco 10 (n=3). Reagent volume was optimised 

with 22 µL sample, while sample volume was optimised with 30 µL reagent. 

 

While not statistically significant (p=0.115), the combination of reagent and sample 

volumes of 30 and 15 µL, respectively, gave the widest dynamic range (4.7 mm) and so 

these were selected for further development of the assay. Increasing the volume and 

therefore the amount of reagent beyond 30 µL did not appear to improve sensitivity. 

This suggested that at 30 µL, a sufficient amount of the reagent was deposited on the 

strips which did not elicit too rapid a rate of clotting which would potentially narrow the 

assay dynamic range, but also not too slow to result in portions of the sample to escape 

coagulation, leading to less precise results. Likewise, too large a sample volume i.e., 

above 15 µL, did not improve the assay sensitivity and in addition it could have 

potentially reduced precision due to the fact that the further the sample travels the larger 

the tendency for variability between travel distances of individual repeats. This is in turn 

due to the fact that large sample volumes encourage bulk flow which drastically reduces 

the sample/reagent contact and reaction, which reduces assay robustness and leads to 

reduced precision. On the other hand, a sample volume which if small tends to introduce 

larger errors in sampling, which reduces precision in results. Furthermore, very small 

 Distance travelled by plasma after 300 s (mm) 

 

Reagent volume with  

22 µL sample  

Sample volume with  

30 µL reagent 

Plasma (PT) 60 µL 50 µL 40 µL 30 µL 22 µL 18 µL 15 µL 12 µL 

N (9 s) 23.3±1.3 24.3±1.2 20.7±1.2 22.2±1.0 23.7±1.2 18.8±1.6 14.0±0.9 9.2±1.0 

A (17 s) 24.3±1.9 22.5±0.9 22.2±0.6 21.3±0.3 22.5±0.9 20.8±1.5 17.2±1.5 10.3±1.9 

SA (34 s) 24.0±2.1 25.0±1.0 21.7±0.8 24.0±0.0 25.0±1.0 21.7±0.3 18.7±1.2 11.3±1.3 

Dynamic 

range (mm) 0.7±2.5 0.7±1.6 1.0±1.4 1.8±1.0 1.3±1.6 2.8±1.6 4.7±1.5 2.2±1.6 
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sample volumes may result in reduced clot formation which would lead to less 

coagulation effect and narrow the dynamic range and reduce sensitivity.   

 

4.2.4 Optimization of strip format and calcium chloride deposition 

Blood samples for coagulation testing are typically collected in a 9:1 v/v ratio with 109 

mM trisodium citrate to chelate and remove free calcium from the sample to prevent 

clotting before testing. During coagulation testing, calcium is added back in the form of 

CaCl2  (25 mM) in order to allow clotting to take place so that the sample’s ability to clot 

can be measured. CaCl2 may be either part of the reagent formulation or added 

separately during testing. In many thromboplastin reagents including PT Reco 10, 

calcium is part of the reagent at an appropriate concentration for when reagent and 

sample are combined in a 2:1 v/v ratio. In conventional PT assays, the reagent and 

sample are reacted in bulk solution. However, in a lateral flow clotting assay format, the 

reagent and sample combine in a gradual, progressive manner while the sample 

traverses the fluidic channel via capillary action. This gradual interaction may result in 

the less-than-optimal level of calcium coming into contact with the sample, and hence 

there was a need to investigate and determined the optimum calcium required for the 

lateral flow prothrombin assay format.  

 

A previous study sought to study the effect of clotting rate on travel distance on lateral 

flow assay strips (Han et al., 2014). In this work, 15 µL calcium chloride in the range of 

100 to 500 mM was added to strips and it  showed that sample flow rate was reduced 

with increasing calcium concentration, meaning, clotting rate increased with calcium 

concentration. However, this study used whole blood rather than plasma, which 

contains red blood cells and platelets, and which could greatly impact the sample flow 

behaviour. However, their results suggested that the optimum calcium concentration for 

lateral flow coagulation measurement could lie in the range of 100 and 500 mM.  

 

The impact of calcium concentration on coagulation rate was initially investigated using 

15 µL of normal plasma and 50 µL of PT Reco 10 as the full optimization of reagent and 

sample volumes in Section 4.2.3 had not yet been completed. Here, 30 µL of calcium  

at 100 to 500 mM was first deposited on the strips at the sample zone and, after drying, 

50 µL PT Reco 10 reagent was deposited. This equated to 3 to 15 µmoles of calcium. 

As shown in Fig. 4.6, plasma distance decreased with calcium concentration up to 400 

mM (12 µmoles) and then began to increase. 400 mM calcium concentration appeared 
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to give the fastest clotting rate and so led to the shortest travel distance (p=0.076). There 

was, however, no statistically significant difference between the travel distances for 400 

and 500 mM calcium concentrations (p=0.263). Nonetheless, 400 mM was chosen to 

be the optimum calcium concentration. 

 

 

Fig. 4.6. Effect of calcium concentration on plasma distance after 300 s on lateral flow strips. 

50 µL reagent volume, 30 µL calcium chloride volume and 15 µL sample volume (n=3, 

p=0.076). 

 

The amount of calcium chloride used was again investigated, this time based on the  

optimised values of sample and reagent volumes (15 and 30 µL respectively, Table 4.1) 

as set out above. In conjunction with this, a number of alternative assay strip design 

formats were investigated to improve sample flow, particularly to prevent the sample 

forming a droplet beneath the paper. Three designs were explored (Fig. 4.4) with 

configuration 4.4B appearing to allow the best control of sample flow and also prevent 

droplet formation beneath the strip (data not shown). This might also reduce the effect 

of sample evaporation since it reduces the exposure of the sample to the air. Wax based 

test strips were hence prepared according to the three designs shown. Strips were 

modified with the addition of a range of volumes of 400 mM calcium chloride, followed 

by deposition of 30 µL PT Reco 10. Both calcium and the thromboplastin reagent were 

deposited at the sample zone of the strips. Normal and Severe Abnormal plasma 

samples (15 µL) were added to the strips and the difference in sample distance between 

the two sample types expressed as the dynamic range.   

 

As shown in Table 4.2, strip design Fig. 4.4B modified with  2 x 2.5 µL calcium chloride 

solution gave an improved dynamic range of 6.0 mm. However, test strips with the wax 
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base at the sample zone alone (Fig. 4.4C) and supplemented in the same manner gave 

a slightly improved dynamic range (6.2 mm). This indicated that applying 2.5 µL of 

calcium (400 mM) twice at the sample point, gave the optimal amount and location for 

the calcium. This could be because adding two layers may cause the calcium to become 

redistributed in gradients throughout the strip which may improve optimal mass 

interactions and lead to more efficient clotting. It could also mean that less calcium 

applied at the sample zone promotes clotting more than inhibit sample flow. The data 

also showed that strips with a wax base at the sample zone (Fig. 4.4C) was the preferred 

of the three strip formats investigated. The presence of a wax base layer at the sample 

zone increased the hydrophobicity on the underside of the strips which appeared to slow 

down the initial rapid flow of the sample upon its deposition and may have allowed 

greater interaction of the sample and reagents before permitting the sample to traverse 

the strip. In addition, strips with the fully wax base (Fig. 4.4B) tended to excessively 

restrict sample flow, while the original strips without a base (Fig. 4.4A) allowed the most 

rapid flow of the sample which could potentially reduce effectiveness of clotting reaction 

and lead to less robustness and precision.  Therefore, the strip format Fig. 4.4C in 

combination with 2.5 µL of 400 mM calcium chloride deposited twice that the sample 

zone was used for further development of the assay. 

 

Table 4.2.  The effect of strip configuration and volume of 400 mM calcium chloride deposited 

on the assay dynamic range, as determined by the difference in distance travelled by Normal 

and Severe Abnormal samples in 300 s. 

Strip configuration CaCl2 (400 mM) volume 
 (µL) 

Dynamic range  
(mm) 

Fig. 4.6b 4.5 3.50 
3.5 4.50 
2.5 5.50 
1.5 2.33 

2.5 x 2 6.00 

Fig. 4.6c 2.5 x 2  6.17 

 

 

4.2.5 Investigation of the effect of thromboplastin reagent type 

Thromboplastin reagents differ in source, preparation and composition and so differ in 

their sensitivity (Smith and Morrissey, 2004) and potentially will differ in their effect on 

the flow and coagulation kinetics of plasma samples on lateral flow assay strips. While 

PT Reco 10 had been used in the initial investigation and had already proven to work in 

the lateral flow prothrombin assay, it might not be the most ideal reagent for this assay 

format and hence the need to examine other thromboplastin reagents. Several 
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thromboplastin reagents, including PT Reco 10 were further assessed for application in 

this assay, with their corresponding sources and composition shown in Table 4.3. 

 

Table 4.3. Properties of thromboplastin reagents investigated in this study. 

Reagent type Source Composition Format Company 

Thromboplastin L Rabbit brain Rabbit brain extract, saline, 
Ca2+  , P,  S 

Liquid Helena 
Bioscience 

PT Reco 10 Recombinant RHTF, Pls, S Lyophilised + diluent 
containing Ca, NaN3,  

Horiba Medical 

RecombiPlasTin 
2G 

Recombinant RHTF, Pls, B, P, S Lyophilised + diluent 
containing Ca2+  

Instrumentation 
Laboratory  

Dade ® Innovin  Recombinant RHTF, Pls, Ca2+, B, S Lyophilised,  reconstituted with 
DW  

Siemens 

Thromborel ® S Human placenta HTF, Pls, CaCl2, S Ɨ Lyophilised,  reconstituted with 
DW  

Siemens 

Ɨ Thromborel stabilizers: gentamicin (0.1 g/L), 5-chloro-2-methyl-4-isothiazol-3-one,and 2-

methyl-4-isothiazol-3-one (<15 mg/L), RHTF = Recombinant human tissue factor, HTF = Human 

tissue factor, P = preservatives, S = stabilizers, B = Buffer, DW = Distilled water 

 

In the strip-based prothrombin assay, sensitivity tends to be reflected in the dynamic 

range, which is, in turn a function of both reagent potency and composition. In principle, 

the optimum thromboplastin reagent would be the one that has the greatest potency in 

triggering coagulation and has the least impact in obstructing sample flow. The reagents 

were initially assessed for their effect on the flow properties of an Owren’s buffer sample. 

The distance travelled by the buffer in 300 s on strips modified with 30 µL of reagent are 

shown in Fig. 4.7. It seems the materials from animal sources have a lot of poorly soluble 

materials, while the synthetic ones have less of an issue in this regard. All the 

thromboplastin reagents obstructed the free flow of the buffer to some extent compared 

to a strip modified with buffer alone (34.5 mm). With the shortest sample distance (19.3 

mm, p<0.05), compared to the of the rest of the PT reagents investigated, 

Thromboplastin L had the most obstructive effect on the buffer, which could be due to 

the fact that it originated from rabbit brain and could contain lots of insoluble impurities. 

Based on this data, Thromboplastin L could be considered the least ideal reagent for 

lateral flow prothrombin assay. RecombiPlasTin 2G had the least impact on the flow 

kinetics of the buffer, while Thromborel S (27.3 mm), PT Reco 10 (27.2 mm) and Dade 

Innovin (26.5 mm) were all similar in distance (p=0.523), suggesting they may all contain 

less insoluble impurities that could deter sample flow.  
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Fig. 4.7. Distance travelled by 15 µL Owren’s buffer after 300 s on strips modified with 30 µL of 

different thromboplastin reagents: Owren’s buffer (OB); Thromboplastin L (PT L); 

RecombiPlasTin 2G (RPT 2G); Dade Innovin (D IVN); PT Reco 10 (PT R 10); Thromborel S 

(TML) (p<0.05).  

 

The thromboplastin reagents were further compared for their performance using the  

Yumizen G200 commercial coagulometer using normal, abnormal, and Factor VII-

deficient plasma samples (Table 4.4). It should be noted that particular instruments are 

optimised to operate with particular reagents, and, in the case of the Yumizen G200, 

this is designed to operate with PT Reco 10. Any comparisons should be conscious of 

this fact. As expected, potentially due to their purity and potency, the recombinant 

thromboplastins: PT Reco 10 and  Dade Innovin produced relatively low PT values for 

the normal control plasma of 8.9 s and 9.3 s, respectively. The RecombiPlasTin 2G, 

though expected to give a comparatively low PT value in normal plasma based on its 

origin as a recombinant type of thromboplastin, gave a slightly higher PT value of 11.1 

s. This reagent could be less pure, more sensitive to factor levels, or contains more 

phosphatidylserine, a component that makes PT reagents less potent. The reagents 

based on tissue extracts such as Thromboplastin L and Thromborel S, both gave 

relatively long PT values for normal plasma of 13.0 s and 11.9 s, respectively.  Among 

all of the reagents, Thromborel S gave the widest gap in PT values between normal and 

abnormal plasmas (16.8 s) followed by RecombiPlasTin 2G (12.8 s) and then Innovin 

(12,0 s). Thromboplastin L gave a gap of 10.6 s, while PT Reco 10 gave the least gap 

(8.2 s). This gap may potentially equate with the level of sensitivity that might be 

achieved in the lateral flow assay, but it is limited given that the abnormal plasma has 

small PT value and a plasma with a larger or no PT value at all like severe abnormal or 

deficient plasma is required for determining the dynamic range that caters for plasmas 
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with wider range of PT values. With respect to the Factor-VII deficient plasma, all the 

PT reagents except the Thromborel S, did not return  a clotting value. Factor-VII 

deficient plasma should result in a non-clotting response, and so the clotting value it 

produced with the Thromborel S reagent could be due a presence of an artifact within 

the reagent mixture that caused the plasma to clot, or an artefact of measurement on 

this instrument, for which the reagent was not designed. In short, based on the 

combined effects of potency and least impact on free sample flow, PT Reco 10 and 

Innovin appeared to be the competing candidates.  

 

Table 4.4. PT and INR values for Normal, Abnormal and FVII-deficient (FVIID) plasmas 

measured using different thromboplastin reagents with Yumizen G 200, and their corresponding 

distances and dynamic ranges on assay test strips modified with 30 µL of reagent. 

 

For the strip assay, using the optimised calcium chloride (400 mM, 2.5 µL x 2), reagent 

(30 µL), and sample (15 µL) volumes, the five thromboplastin reagents were examined 

for the overall dynamic range achievable using normal, abnormal, and Factor VII-

deficient control plasmas (Table 4.4). In this case, the five reagents were assessed in 

terms of the gap in distance between the normal clotting plasma and the non-clotting 

Factor-VII deficient plasma. With respect to the non-clotting plasma whose travel 

distance was mainly dictated by the reagent’s physical properties, Thromboplastin L and 

Dade Innovin had a strong impact in limiting the flow of the FVIID plasmas, which would 

significantly limit the achievable dynamic range. The PT Reco 10 had an intermediate 

impact, while Thromborel S and RecombiPlasTin 2G had very minimal impacts and thus 

allowed the furthest travel of the non-clotting plasma, with RecombiPlasTin 2G 

exhibiting the largest distances. However, RecombiPlasTin 2G did little to bring about 

the early arrest of flow in the normal clotting plasma, thus exhibiting a narrow dynamic 

Plasma 

sample 

PT (s) and INR 

 Thromboplastin L PT Reco 10 RecombiPlasTin 

2G 

Innovin Thromborel S 

 
PT INR PT INR PT INR PT INR PT INR 

Normal 13.0 1.34 8.9 0.93 11.1 1.15 9.3 0.97 11.9 1.23 

Abnormal 23.6 2.39 17.1 1.75 23.9 2.42 21.3 2.16 28.7 2.89 

FVIID >200 >200 >200 >200 >200 >200 >200 >200 56.7 5.6 

 Assay test strips, distance travelled (mm) 

Normal 10.83 9.50 16.33 10.83 12.00 

Abnormal 11.50 11.33 18.00 11.17 16.67 

FVIID 12.67 14.33 19.67 12.33 18.00 

Dynamic 

range 

1.8 4.8 3.3 1.5 6.0 
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range (3.3 mm). Although the PT Reco 10 showed the largest impact in limiting the flow 

of the normal plasma, Thromborel S elicited the widest dynamic range (6.6 mm) in the 

strip assay even though it did show clotting in the Factor-VII deficient plasma with the 

Yumizen G200 analyser. Innovin, unexpectedly exhibited the least dynamic range (1.5 

mm) followed by Thromboplastin L (1.8 mm) while PT Reco 10 gave the second widest 

(4.8 mm). A graphical representation of the dynamic ranges elicited by the various 

thromboplastin reagents in the strip assay is shown in Fig. 4.8. Thromborel S, with a 

wider dynamic range over that of PT Reco 10, was chosen for further development of 

the strip PT assay. It was interesting to see that Thromborel S emerged the best, even 

though it is a tissue extract. This could be because it is refined and formulated which 

probably removed most of the impurities commonly found in tissue extracts. The sample 

and reagent volumes were re-optimised for use with respect to Thromborel S. However, 

the maximum dynamic range remained 6.0 mm with the previously determined optimum 

values of these parameters of 15 and 30 µL, respectively, and which were employed for 

further assay development. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8. The distance ranges determined by the difference in distance travelled by 15 µL of  a 

normal control versus a Factor VII-deficient plasma on assay strips modified with 30 µL different 

thromboplastin reagents. 
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4.2.6 Determination of optimised lateral flow prothrombin assay in calibration 

plasmas 

Following optimisation of the assay device parameters of paper type (Whatman No. 1), 

strip configuration (Fig. 4.4C), reagent type (Thromborel S), reagent volume (30 µL), 

calcium chloride concentration and volume (2 x 2.5 µL 400 mM), reagent deposition 

parameters and sample volume (15 µL), the analytical performance of the assay was 

determined in normal, abnormal, and severe abnormal control plasma standards. The 

control plasmas used in the development of the assay differ in the levels of clotting 

factors they contain so that they can simulate a range of clotting times (Diagnostics 

Reagents Ltd., 2022). Normal plasma is a lyophilised platelet poor plasma containing 

the clotting factors at normal level. The abnormal and severe abnormal control plasmas 

are lyophilised platelet poor plasmas with artificially depleted levels of clotting factors. 

Abnormal plasma contains less while severe abnormal plasma contains even lesser 

level of clotting factors than normal plasma. In addition to these plasma standards, 

factor-deficient plasmas are also available. For example, Factor-VII deficient plasma is 

an immunodepleted platelet poor plasma that contains the clotting factors at normal 

level except for Factor-VII which is at low or undetected level and would be insensitive 

to tissue factor activation. These plasmas are commercial formulations which also 

contain stabilisers and preservatives which may differ between plasma types. The 

different preparation procedures, composition and factor levels could potentially 

influence plasma viscosity and hence result in inconsistencies in the distances travelled 

by the samples that was not due to coagulation, but due to differences in viscosity.  

 

Prior to final analytical characterisation and validation of the assay, it was necessary to 

determine that the plasma controls did not cause significant non-clotting variations by 

assessing their behaviour on test strips modified with thromboplastin and controls which 

were modified with Owren’s buffer only. As indicated in Table 4.5, the plasmas did not 

significantly differ in distance on the control strips (p=0.707), being between 21.0 and 

22.8 mm while they differ very significantly on the test strips (p=0.003), increasing in 

distance from 12.3 mm (normal plasma) to 18 mm (severe abnormal plasma). The minor 

differences in distance on the control strips did not show any pattern, meaning it was 

due to random variations in sample flow pattern. Since it contains a lesser amount of 

coagulation factors, severe abnormal plasma might be expected to be less viscous than 

both normal and abnormal plasma, and therefore should cover a longer distance than 

the other two on control strips. Instead, it travelled similar if not a shorter distance (21.0 
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mm) than both the normal and abnormal plasmas (21.2 and 22.8 mm, respectively). 

Furthermore, the differences in distance on the control strip compared to those on the 

test strip, decrease proportionally from normal to severe abnormal, strongly suggesting 

that the plasma samples were suitable for assay characterisation. 

 

Table 4.5. Distances travelled after 300 s by 15 µL plasma samples on control (modified with 

30 µL Owren’s buffer) and test (modified with 30 µL Thromborel S). N = Normal, A = Abnormal, 

SA = Severe abnormal, FVIID = Factor-VII deficient.  

Plasma 
Control strips 

(mm) 
Test strips 

(mm) 
Difference 

(mm) 
PT 
(s) 

N 21.2 12.3 -8.9 11 

A 22.8 16.3 -6.5 19.4 

SA 21.0 18.0 -3.0 35.7 

FVIID 21.5 18.0 -3.5 > 120 

 

Having confirmed the suitability of the plasma controls, the analytical performance of 

the optimised assay was determined (n=4 repeats). As can be seen in Table 4.6, the 

CV was 5.27% for normal plasma and rising to 9.35% for severe abnormal. It is well-

established that increase in mean clotting time is also accompanied by increased 

variability (Sunnersjö et al., 2023). A 95% confidence interval of 0.65 mm was also 

determined for the normal plasma, rising to 1.65 mm in the severe abnormal.  

 

Table 4.6. Distances of 15 µL normal, abnormal, and severe abnormal control plasma 

samples after 5 min on strips optimised with 30 µL Thromborel S, and 2 x 2.5 µL 400 mM 

CaCl2 (n=4, p=0.003). 

 

 

 

 

 

 

Based on mean distance, 95 % CI, and PT values and their ranges, the relationship 

between lateral flow prothrombin assay distance and PT values were determined (Table 

4.7). The normal plasma with a PT range of 8.5 to 14 s had a corresponding distance 

range of 10 to 14 mm, abnormal plasma with 15.0 to 30.0 s, has a distance range of 

14.5 to 17.5 s, while severe abnormal plasma with PT values >30 s had travel distances 

≥16.0 s. Hypercoagulable plasmas (Low) would have distances <10 mm and PT <8.5 

s,  those with between 10 and 14 mm are normal while those with distances ≥14 mm 

would be abnormal or prolonged.  

Plasma Mean 

distance 

(mm) 

SD 

(mm) 

CV 

(%) 

95% CI 

Normal 12.3 0.6 5.27 0.63 

Abnormal  16.3 1.0 6.41 1.02 

Severe 

abnormal 

18.0 1.7 9.35 1.65 
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Table 4.7. Comparison of lateral flow prothrombin assay distance ranges and PT values 

across a range of clotting times. 

 

 

 

 

 

 

Again, it is important to note that these distance ranges are subject to operational 

conditions, mainly temperature and humidity as well as batch of paper substrate used. 

Each batch of Whatman chr no 1 paper used as substrate would require calibration. 

 

 

4.2.7 Validation of the paper-based lateral flow prothrombin assay device  

The paper-based lateral flow prothrombin assay device was initially evaluated against 

the Yumizen G200 analyser using artificially constructed commercial plasmas samples. 

Fifteen lyophilised artificial control plasma samples with varying clotting capacities were 

reconstituted and tested using the paper-based strip assay. The travel distances of the 

plasmas were compared with their corresponding PT values (9.8 to 36.0 s) as 

determined with the Yumizen G200.  As shown in Fig. 4.9, there was a good correlation  

(r=0.901) between the developed assay and the reference Yumizen method with linear 

expression of y = 0.3224x + 8.866.  Furthermore, all of the normal plasma samples had 

mean travel distances that fell within the normal distance range (9.5 to 14 mm), and 

those of the abnormal plasma samples fell above the normal distance range (>14 mm). 

However, there was a considerable variation in the distance values for the plasmas with 

moderately prolonged (17 to 20 s) PT values. This could be because the coagulation 

rate is not fast enough to give more precise results and also not slow enough to be 

impacted more by environmental conditions such as humidity which tend to normalise 

the travel distance of severely abnormal plasmas. 

 

Plasma 

Distance range 

(mm) PT (s) 

Low    <10.0 <8.5 

Normal                  10.0 - 14.0 8.5 – 14.0 

Abnormal             14.5 - 17.5 15.0 – 30.0 

Severe Abnormal  ≥16.0 >30.0 
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Fig. 4.9. Validation of the paper-based lateral flow device for PT assay using artificial plasma 

samples (n=3 repeats) with PT values 9.8 to 36 s, comparing results from the paper device 

(mm) and Prothrombin Time (s) from the Yumizen G200 analyser.   

 

The device was further validated against a routine hospital method using clinical plasma 

samples. Sixty patient plasma samples, with a wide range of PT clotting values (9.8 to 

95.4 s) were taken at Southmead Hospital, North Bristol NHS Trust and tested with the 

device (n=3 repeats) and the measured distances compared with their corresponding 

hospital determined PT values (Fig. 4.10A). The entire data set gave a linear regression 

expression of y = 0.0987x + 13.896 and a correlation coefficient of r = 0.694. This low 

regression value could be because the travel distance of plasmas with very large PT 

values tends to be impacted more and somehow normalised by humidity/sample 

evaporation.  

 

Further analysis of the data (Fig. 4.10B) revealed that the developed assay correlated 

well for PT values at 40 s and below. For these plasma samples, the paper-strip assay 

showed improved correlation (r=0.849) between plasma distance on test strips and the 

PT values from the hospital method. For plasmas with PT values above 40 s (Fig. 4.10C, 

ii), there was no statistically significant correlation (r=0.036) with the hospital method. 

This could be because for plasmas with significantly prolonged PT values, the effect of 

ambient environmental conditions such as temperature and humidity were greater on 

travel distance. It could instead be because while the hospital-based PT method has no 

upper limit of measurement, the lateral flow assay is limited by the overall sample 

volume and the maximum distance it may travel along the strip.  
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Fig. 4.10. Validation of the paper-based lateral flow device for PT assay using clinical plasma 

samples, comparison between paper-based device and the hospital method (n=3 repeats) for 

A)  plasmas with PT values 9.8 to 95.4 s. B) plasmas with PT values ≤40 s (n=3). D) (i) PT 

values ≤40 seconds and (ii) PT values ≥40 s. 
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Considering the data for both artificial and patient samples, the distances for over 90% 

of all of the normal plasmas fell within the normal range (9.5 to 14.0 s) and over 98% of 

those of the abnormal plasmas fell above the normal range (>14.0 s). This signified a 

satisfactory performance of the strip assay in distinguishing normal plasmas from 

abnormal ones based on their thromboplastin-triggered clotting abilities. 

 

4.2.8 Investigation of the storage and operational stability of the prothrombin 

assay device 

The prothrombin assay involves a series of enzymatic reactions triggered by tissue 

factor which leads to the formation of the fibrin clot. The rate of these enzymatic 

reactions is directly related to the rate of clot formation, which in turn is directly related 

to the increase in plasma viscosity due to clotting. Viscosity and enzyme reaction rates 

which determine assay behaviour are both a function of temperature. While the assays 

are developed and performed at 37C, which is optimum for coagulation, actual 

environmental operational conditions may vary if deployed in the field. Furthermore, 

temperature may affect the stability and long-term viability of the tissue factor and 

phospholipids. Hence it was necessary to assess the operational stability of the assay 

device with respect to temperature and the viable life of the assay strips based on 

storage conditions. 

 

With regards to operational stability, the device was tested with normal plasma at 

various temperatures, 25 to 40oC and the mean travel distances assessed with respect 

to the normal operational range (10 to 14 mm, 37oC). As shown in Fig. 4.11A, while 

there were no significant differences in distance with respect to temperature at this 

sample size (p=0.448), the apparent trend was consistent with enzyme reaction kinetics 

with an optimum at 37C (Jeppesen et al., 2016), i.e., decreases from 25 to 37oC and 

then increased at 40oC which could be attributed to increased and decreased reaction 

rates, respectively. The optimal temperature was 37oC and beyond that, enzyme-

catalysed reactions tend to slow down which slows the clotting rate, leading to a longer 

distance.   
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Fig. 4.11. Effects of operational and storage temperature on assay device behaviour. Distances 

of normal control plasma at 300 s with operation of the optimised assay at: (A) different 

temperatures, and (B) at 37oC following storage at -20oC (circle), 6oC (ex-sign), ambient 

(triangle) and 37oC (square) for up to 28 days (n=3). 
 

A similar trend was observed in the case of the fibrinogen assay (Section 3.2.7), 

although the prothrombin assay has a longer chain of enzymatic reactions than the 

fibrinogen assay, which is predominantly dependent on thrombin activity. These 

variations in assay behaviour due to temperature could be addressed by using multiple 

temperature-dependent graduation ranges, or simultaneously running known and 

unknown plasma controls in a multiple assay format as calibrators. 

 

In the investigation of storage and active life of the assay strips, the strips were covered 

with folded papers, vacuum sealed with a sachet of desiccant and stored under various 

conditions of freezer (-20C), fridge (4 to 6oC), ambient (18 to 23oC) and elevated 

temperature (37oC). After every week for four weeks, strips from each storage condition 

were removed and tested with normal plasma for their response (Fig. 4.11B). On the 
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seventh day, all the strips appeared to have remained active and produced results that 

fell within the reference range and did not differ significantly in distance from fresh strips 

(12.3 ±0.8, p=0.945). On the fourteenth day, only strips stored in the fridge and freezer 

remained viable and did not differ in distance from fresh strips (p=0.616), with strips 

from other storage conditions deviating from the reference range and distance on fresh 

strips (p=0.020), with the magnitude of deviation proportional to storage temperature. 

On days 21 and 28, strips from all of the storage conditions were essentially no longer 

functional i.e., they all differ in distance from fresh strips (p=0.041) and also fall outside 

the reference range (10 to 14 mm). This indicated that the most appropriate storage 

temperature evaluated was 6oC or below and if stored under those temperatures, the 

strips could remain active for two weeks. However, for longer storage, additional 

development would be required to prevent loss of reagent activity over time and will 

relate to the stability of both tissue factor and phospholipids. There are approaches that 

could be used to improve the stability of dried assay reagents (Rechner, 2009) which 

could be used to address the long-term storage issue. Individual, or combinations of 

excipients such as dextran trehalose, polyethylene glycol (Kumar et al., 2020), could be 

either added to assay reagents directly before deposition on test strips or to the test 

strips before drying and storage. Also, the test strips could be freeze-dried, stored at 

low temperatures, and tested for stability over weeks or months. 

 

Compared to POC coagulation testing devices on the market such as CoaguCheck® 

XS (Roche Diagnostics Cooperation), CoagMax (Microvisk Ltd), and Hemochron 

Signature (Werfen), the method developed in this work was less precise but far cheaper 

as it requires low-cost materials and fabrication techniques, no power or instrument-

based detection/readout with low reagent and sample volume needed in testing. 

Compared to polymer-based lateral flow coagulation testing devices in the literature 

(Dudek et al., 2010; Dudek, et al., 2011), this device is much more environmentally 

friendly as it uses biodegradable disposable cellulose-based strips. For the paper-based 

devices developed previously, (Anubhuti and Shantanu, 2020; Guler et al., 2018; 

Hegener et al., 2017), the device developed in this work was more compact and, 

because it did not require power or instrumentation, should be better suited to POC 

testing in low resource settings. 
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4.3 Conclusion 

A paper-based lateral flow prothrombin assay device employing a visual distance-based 

readout format was developed in this work. The device showed a good correlation with 

a reference Yumizen G200 method (r=0.901) for artificial plasma samples; and a routine 

hospital method (r=0.849) for clinical plasma samples with PT values ≤40.0 s. However, 

the device could not produce exact precise PT values, but, with replicate measurements 

(n=3), it could successfully distinguish plasmas with normal PT values from those with 

abnormal PT values based on their travel distances on test strips. Moreover, the assay 

used minimal sample and reagent volumes with disposable and sustainable paper test 

substrates, thus it is potentially low cost, more environmentally friendly, and less 

demanding on patients than many established prothrombin assays. Furthermore, it has 

a short turnround time (5 min) and was easy to operate, making it potentially suitable 

for point-of-care use. When packaged with a desiccant, vacuum sealed and stored at 

≤6oC, the test strips could remain active for two weeks, and, with further development, 

may make it field deployable.     

 

The assay results, however, are susceptible to fluctuations in operational conditions 

such as temperature and humidity. This could be addressed using multiple temperature 

dependent reading scales or testing known samples alongside unknown samples and 

determining the unknown value from the ratio of travel distances. The durability of the 

assay strips can also be extended via dry enzyme assay reagent stability techniques. 

The device may not give accurate results for plasmas with very low or very high 

viscosities. 
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5. INVESTIGATION OF PLATELET AGGREGATION ON PAPER-

BASED LATERAL FLOW STRIPS 
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5.1 Introduction  

Platelets are anucleate cytoplasmic fractions that play a central role in normal 

haemostasis. They adhere to exposed subendothelial tissue at an injured site via their 

surface receptors GP IB/IX,  and via α1β2 and GPVI with the help of vWF. The activated 

platelets then release ADP and thromboxane A2 which further enable more platelets to 

be recruited and aggregated at the site via the GPIIb/IIIa receptors, mediated by 

fibrinogen. The aggregated platelets form a primary haemostatic plug, slow down 

bleeding to reduce blood loss and also provide a procoagulant surface for the formation 

and deposition of fibrin clot to effectively stop bleeding. Platelets also contain 

coagulation factors which they release to promote secondary haemostasis; as well as 

platelet derived growth factor (PDGF) which stimulates wound healing (Hoffbrand and 

Steensma, 2019). 

Defects in platelet function usually stem from problems with platelet receptors which 

lead to the impairment of adhesion, or in the release reaction which causes impaired 

aggregation. Quantitative platelet disorders include low platelet count 

(thrombocytopenia) or high platelet count (thrombocythaemia). Each of these disorders 

may result in either haemorrhage or pathologic thrombosis, respectively. Platelet 

function tests are used to evaluate the capacity of platelets to function adequately in 

terms of adhesion, aggregation, release-reaction, and wound occlusion. They are used 

to detect platelet dysfunction, monitor anti-platelet therapies, manage preoperative 

haemostasis and in platelet banking for making concentrates and for transfusion 

(Paniccia et al., 2015). The bleeding time test was the first test to assess the ability of 

platelets to form the primary haemostatic plug in response to injury by measuring the 

time it takes for a skin puncture to stop bleeding. Others such as light transmission 

aggregometry measure the ability of platelets to aggregate in response to exposure to 

agonists such as ADP, arachidonic acid, epinephrine, and collagen. Other methods 

such as flow cytometry assess platelet function by measuring certain substances e.g., 

nucleotides released by functional platelets (Paniccia et al., 2015) as well as platelet 

GP number and dysfunction. 

A number of platelet function tests are currently in existence such as PFA-100/200, 

Impact, Thromboelastography, VerifyNow, Multiplate and Microparticles (Choi et al., 

2014). However, almost none of these are particularly ideal for low resource areas which 

lack lab facilities, expertise, and affordability. The bleeding time is simple and 

inexpensive, but it is considered invasive, less effective, and difficult to standardise. The 
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advanced, and more effective methods are expensive and technically demanding and 

so are less affordable and sustainable in resource constrained areas. The aim of this 

study was to explore the behaviour of activated platelets in influencing fluid flow 

mechanisms in paper-based lateral flow platforms with a view to setting a foundation for 

developing simple, low-cost platelet function tests suitable for low-resource regions. 

Changes detected in fluidic flow due to the behaviour of activated platelets might form 

the basis of tests for detecting qualitative or quantitative platelet dysfunction. 

As has been illustrated in Chapters 3 and 4, coagulation assays that involve the flow of 

a sample in a paper-based lateral flow strip have utilised passive movement of fluid by 

capillary action from the sample zone to the analytical/detection zone. The sample fluid 

wets and flows over a network of cellulose fibres, through its microporous network along 

a fluidic channel to a point determined mainly by the properties of the paper strip, 

immobilised reagent on the strip, inherent properties of the sample, and the sample 

volume. In assays of platelet aggregometry, the process of aggregation is brought about 

by the addition of an agonist reagent. It could be hypothesised that platelets in a plasma 

sample exposed to agonists deposited on a paper strip would become activated, 

adhere, and aggregate in the paper matrix which would influence fluid flow in a way that 

could translate into a reduction in the flow rate of the sample, and that the magnitude of 

reduction in flow rate would be an indication of platelet function or platelet count. The 

main challenge here was the very small volume fraction of platelets (<0.25%) in the 

sample (Pogorzelska et al., 2020) which might make it difficult for platelet 

adhesion/aggregation to significantly influence the sample flow behaviour.  

To test this idea, the study involved investigating fluidic flow behaviour on agonist-

modified paper strips to identify the effect of platelet aggregation, to enhance this effect 

by optimising the type and amount of agonist, sample matrix/media, and sample volume 

and then testing performance in detecting platelet dysfunction simulated by the use of 

an anti-platelet agent.  

The paper strips used in this investigation were similar to that used in the prothrombin 

assay development (Chapter 4, Fig. 4.4C). They had a sample deposition point (5 mm 

diameter) and a fluidic flow/analytical channel (3 x 40 mm) with a wax outer boundary 

on the front surface and wax base covering the sample deposition zone on the back 

surface. However, the analytical channel of the strips used here was slightly longer than 

that of those used in the prothrombin assay development. This was because the platelet 

suspensions in TBS used as samples in the initial investigations were less viscous and 
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tended to flow faster and cover longer distances than the plasma samples used in 

prothrombin assay development. The back surface of the strips was coated with wax in 

a similar manner to the prothrombin assay to reduce the initial rapid flow caused by the 

sample deposition process. 

The agonists investigated here as potential platelet function assay reagents included 

epinephrine, adenosine diphosphate (ADP), collagen, and arachidonic acid. Each of 

these agonists can effectively activate platelets. However, they differ in structure, 

molecular weight, mode of action, potency, and other properties relevant to performance 

of this assay, particularly hydrophobicity, which might affect their suitability for use in 

this assay. 

Epinephrine, also known as adrenalin, is an organic compound comprising a catechol 

ring and a two-carbon chain that bears a hydroxyl group and a secondary amine with a 

methyl group (Fig. 5.1A). It is a white microcrystalline solid with a chemical formula of 

C9H13NO3 and molecular mass of 183.20. It is a hormone and neurotransmitter 

produced by adrenal glands with many biological functions including platelet activation. 

Epinephrine is not actually considered a direct platelet activator or aggregating agent, 

but rather it potentiates the actions of the other agonists in secretion, aggregation, and 

fibrinogen binding, etc. It does this by interacting with α2-adrenergic receptors which 

potentiate the aggregatory responses induced by the other aggregating agents (Lanza 

et al, 1988). 

ADP is an organic compound composed of an adenine ring, a ribose sugar, and two 

phosphate groups. The adenine ring is connected to the ribose sugar molecule which is 

connected to the phosphate groups (Fig. 5.1B). It has a molecular mass of 427.201 and 

a chemical formula of C10H,15,N5O10P2. It is slightly soluble in water and organic solvents 

such as DMSO and methanol and has many biologically active properties including 

production of adenosine triphosphate (ATP) and activation of platelets. ADP is mainly 

produced from dense granules of activated platelets and acts to activate and recruit 

more platelets to aggregate at the wound site. It activates platelets by binding to platelet 

receptors (P2Y1, P2Y12, and P2X1) which induces shape change, aggregation, and 

production of thromboxane A2 (another platelet agonist). Shape changes in platelets 

expose fibrinogen receptors (GP IIb/IIIa) on platelets surface, enabling aggregation and 

adhesion with the help fibrinogen acting a bridge (Jin et al., 2002).  

Collagen is a structural protein composed of three polypeptide chains each of which 

contains a series of three amino acid sequences that begins with glycine. It forms a 
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major component of the extracellular matrix, with flexible mechanical properties for 

handling stresses and binding sites for cell interactions. There are about twenty-eight 

different types of collagen in humans which include type I, type II and so on among 

which, type I and III are the most relevant given that they are the major constituent the 

extracellular matrix of blood vessels (Nieswandt and Watson, 2003). In the context of 

haemostasis, collagen acts both as a substrate for platelet adhesion and as a platelet 

activator. In vivo, upon exposure, platelets adhere to collagen via integrin 

α2β1receptors, allowing the platelets to interact with the low affinity GPVI on collagen 

which then activates the platelets. GPVI-platelet interaction causes biochemical 

reactions which activate phospholipase Cγ2 and subsequently, production of 1.2-

diacylgylcerol, and calcium from dense granules. Calcium and 1,2-diacylgylcerol are 

mediators in platelet activation responses including shape change, secretion, and 

aggregation. Collagen induced platelet activation is also believed to proceed via its 

production of thromboxane A2 (Roberts et al., 2004). 

Arachidonic acid is an ω-6 polyunsaturated fatty acid with a chemical formula C20H32O2 

and a molecular mass 307.467. As shown in Fig. 5.1C, it has a carboxylic acid group 

and a twenty carbon long chain with double bonds at positions 5, 8, 11, and 14. It is 

found incorporated in phospholipids in cell membranes and lipid bodies of immune cells. 

Through sequential oxygenation, arachidonic acid is converted into thromboxane A2 by 

cyclooxygenase-1 and thromboxane A2 synthase. Thromboxane A2 is a potent platelet 

activator that acts by interacting with and activating its receptor on platelets, which 

induces shape changes and release reactions and eventually recruitment and 

aggregation of more platelets (Jin et al., 2002). 

 

Fig. 5.1. Molecular structure of the agonists, A) epinephrine, B) adenosine diphosphate, C) 

arachidonic acid, D) schematic of triple helix of collagen fibre.  
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Each of these platelet agonists discussed and used in this study are used in other 

methods for clinically testing platelet function, or in research to study platelet behaviour 

and mechanism of activation in response to them. Other platelet activators not used in 

the study include thrombin and ristocetin. Thrombin is a very potent platelet activator, 

but it would also cause fibrin clot formation which would make it difficult to isolate and 

quantify the effect of platelet aggregation. Ristocetin could potentially be used but has 

to be used along with vWF. 

Different buffers and media are used in platelet function tests. The media that will most 

closely mimic the natural physiological environment of platelets would be plasma and 

the most appropriate sample would be a platelet rich plasma. However, in platelet 

function testing, the plasma or some of its components are not compatible with the 

detection method. This makes it necessary for the platelets to be extracted from the 

plasma, washed, and then resuspended in a more compatible media. The buffers often 

used as platelet suspension media include TBS, and PBS. Also, the most appropriate 

sample for investigating platelet behaviour would be fresh PRP. However, due to the 

associated challenges of collecting fresh PRP, commercial lyophilised platelets were 

used to research their behaviour on the strips, initially resuspended in buffer and then 

progressively using commercial platelet poor calibration plasma as the resuspension 

medium to better mimic the behaviour of real samples. 

The potential for platelet suspensions to become activated in the presence of agonists 

was explored, optimised according to a range of test parameters and quantified with 

respect to changes in flow rate. A measure of the contribution of platelet aggregation as 

opposed to other effects such as viscosity differences and strip wetting effects was 

developed, which was referred to as the Aggregation Effect. 

The validity of the concept of the Aggregation Effect was tested both quantitatively with 

respect to platelet count, and qualitatively with respect to platelet function, when 

inhibited using aspirin. Initial evidence suggests that, while the contribution to 

aggregation is small, it demonstrates a potential foundation for measuring platelet 

aggregation using paper-based devices. 
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5.2 Results and discussion 

5.2.1 Study of lyophilised platelet viability using staining and light microscopy 

Investigation of platelet behaviours on lateral flow paper strip could be conducted using 

any viable platelet samples including lyophilised and fresh PRP. For early exploration, 

it was decided to use lyophilised platelets since they are more readily available and do 

not require blood donors, sample collection and processing, which could delay progress. 

Commercial lyophilised platelet samples were reconstituted according to 

manufacturer’s instruction and used in this study. Consequently, it was necessary to 

test and confirm that these platelets were in fact active and functional and were capable 

of activation and aggregation responses to the addition of agonists. Aliquots of 450 µL 

lyophilised platelets reconstituted in TBS (586 x 109/mL) were treated with 50 µL of 

agonists ADP (200 µM), epinephrin (3 mM), collagen (100 µg/mL) or TBS and incubated 

at 37oC for 3 min. Smears of the platelet samples were prepared on glass slides, fixed 

with methanol, and stained with eosin. After thorough air drying, the glass slides were 

evaluated for platelet aggregation using a light microscope. As shown in Fig. 5.3, platelet 

aggregation could be seen in all the treated samples and for all the agonists used, thus 

confirming that the platelets were functional. Little if any aggregation was seen on the 

control which could be due to sample agitation during sample preparation and straining.  

 

Fig. 5.3. Aggregation of platelets on glass slides. 450 µL of lyophilised platelets reconstituted in 

TBS buffer to about 586 x 109/mL and treated with 50 µL of A) no agonist, B) 3 mM epinephrine, 

C) 200 µM ADP, D) 100 µg/mL collagen. Magnification x 1,000. 
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5.2.2 Study of platelet adhesion and aggregation on test strips using light and 

electron microscopy 

As explained in Section 5.2.1 and shown in Fig. 5.3, the viability and functionality of the 

commercial lyophilised platelets in response to agonists was tested and confirmed. 

However, the mere viability of the platelets could not serve as evidence that the platelets 

would adhere and aggregate on assay strips and influence sample flow dynamics. 

Visual qualitative evidence showing aggregated platelets on strip surfaces would be 

more convincing evidence that the observed changes in sample flow were in fact due 

to aggregation effects.  

An attempt was made to study platelet aggregation in situ on the paper substrates (Fig. 

4.4C) using eosin staining and light microscopy in a manner similar to that shown in 

Section 5.2.1. However, the paper fibres also became stained along with the platelets, 

which could not then be seen in contrast to the background. Scanning electron 

microscopy (SEM) was then employed. 

The test and control strips with dried platelet samples on the surface, were fixed with 

methanol, coated with gold, and viewed using SEM. Fig. 5.4 shows images of paper 

strips exposed to 15 µL, 610 x 109/L of platelets without exposure to agonist (Fig. 5.4A) 

and following exposure to 50 µL of 500 µM ADP (Fig. 5.4B). As can be seen, there 

appeared to be no adhesion of platelets to the surface of the control strip, while platelets 

could be seen adhered to the strips exposed to agonist. While platelets do appear to be 

adhering, there is little evidence of significant aggregation and the platelets do appear 

to be quite dispersed, and that one might speculate that such a dispersed arrangement 

of platelets might have little impact on sample flow. However, the SEM images are only 

able to observe the surface of the paper, and there might be more significant aggregates 

within the porous structure of the paper that cannot be seen using SEM. Using SEM to 

look deeper into the porous structure of the paper could reveal such information. 

However, this was not attempted here due to time constraints and feasibility issues. 
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Fig. 5.4. Scanning electron micrographs of paper strips tested with 15µL platelet suspensions 

(610 x 109/L). Paper strips modified with 50 µL A) TBS;  B) 500 µM ADP. Magnification x 1,000, 

2.00 keV. 

 

5.2.3 Assessment of the effect of platelet aggregation on sample flow rate 

In a paper-based lateral flow platform, adhesion and aggregation of activated platelets 

might, in principle inhibit free sample flow and consequently lead to reduced flow rate 

and distance travelled. That a reduction in sample flow rate can be induced by platelet 

adhesion and aggregation is the hypothesis being investigated here. However, there 

are other factors that might also influence sample flow rate. Principal among these is 

the viscosity of the platelet sample and the wettability of the modified paper strips. It 

was therefore necessary to first of all isolate and quantify, at a fundamental level, the 

changes in flow rate caused by adhesion and aggregation of platelets on paper test 

strips, as well as changes caused by the deposition of agonist reagents. This was 

investigated by performing appropriate controls, comparing flow rates, and determining 

the effect due to platelet adhesion and aggregation. Negative control samples (TBS, 15 

µL)  and positive control samples (platelet suspension in TBS, 304 x 109/L, 15 µL), were 

tested on control strips (modified with TBS, 50 µL) and test strips modified with 

epinephrine (3 mM, 50 µL) and the sample flow rates were recorded over five minutes 

(Fig. 5.5). While platelet assays may ultimately be performed in plasma samples in 

which appropriate controls for viscosity would be PPP, in this instance in which 

lyophilised platelet suspensions were used, TBS buffer which was used to resuspend 

the platelets was employed as the control for viscosity and zero platelet count. Just a 

point of note that, although adhesion and aggregation are two distinct processes in 
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platelet activation, both are assumed to occur together, and so, for simplicity, these 

combined processes will just be referred to as aggregation from this point forward. 

 

Fig. 5.5. Flow rates of platelet suspension (304 x 109/L, 15 µL) and control samples (TBS,15 

µL) on TBS (50 µL)  and epinephrine (3 mM, 50 µL) modified strips in five minutes. A) TBS on 

TBS modified strips, B) TBS on epinephrine modified strips, C) Platelets on TBS modified strips, 

D) Platelet on epinephrine modified strips (n=3).  

 

It can be seen that, in all cases, samples had ceased flowing after 5 min, and so the 

data analysis was based on the distances travelled by the samples at this time. The 

TBS samples had faster flow rates on the TBS-modified (Fig. 5.5A, 32.2 ±0.3 mm) than 

the platelet samples (Fig. 5.5C, 26.2 ±1.4 mm, p<0.01) and this difference was 

presumed to be due to the difference in viscosity between the TBS and the platelet 

suspension. However, the difference in flow rates of TBS and platelets samples on strips 

modified with epinephrine (Fig. 5.5B, 30.8 ±1.2 mm and Fig. 5.5D, 24.2 ±2.0 mm, 

respectively) were presumed to be due to contributions from both aggregation and 

viscosity (p<0.01). The difference in flow rate between the TBS samples on the TBS-

modified strips and on the epinephrine-modified strips was 1.4 ±0.8 mm (p=0.120) and 

was believed to be principally due to the hydrophobicity and wetting of the deposited 

agonist, while the difference in flow rates between platelet samples on TBS-modified 

strips and epinephrine-modified strips was 2.0 ±1.7 mm  (p=0.230) and was believed to 

be due to both wetting as well as aggregation of the platelets on the epinephrine strips. 

These relationships have been expressed graphically in Fig. 5.6.  
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Fig. 5.6. Illustration of the distance travelled (mm) at 5 minutes by samples of TBS or platelet 

suspensions on strips modified with TBS buffer or epinephrine (EPI). The figure also illustrates 

the various contributions to these values by differences in sample viscosity, strip wetting and 

aggregation and determine the net contribution to aggregation when these contributions have 

been removed (p>0.05). 

In instances where there was a contribution to the difference in flow rate due to sample 

viscosity (A-C, or B-D), this will, in future be referred to as a “Viscosity Effect”, and where 

there was a contribution to the difference in flow rate due to the deposition of agonist 

(A-B or C-D), this will be referred to as a “Wetting Effect”. In the cases where there is a 

presumption that platelets may also be activated and aggregated in the presence of 

epinephrine (Fig. 5.5D), these values will have contributions from both aggregation and 

viscosity (B-D) or aggregation and wetting (C-D). 

The effect of aggregation was extracted from the effects associated with sample 

viscosity: 

Sample viscosity (A-C): 32.2 – 26.2 = 6.0 ±1.4 mm 

Aggregation and viscosity (B-D): = 30.8 – 24.2 = 6.6 ±2.3 mm 
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Aggregation (– viscosity): (B-D) – (A-C): 6.6 – 6.0 = 0.6 ±2.7 mm 

In this instance, the contribution to the differences in distance due to flow rate was found 

to be 0.6 ±2.7 mm. 

The effect of aggregation was also determined by extracting the contribution of strip 

wetting: 

Strip wetting (A-B): 32.2 – 30.8 = 1.4 ±1.2 mm 

Aggregation and wetting (C-D): 26.2 – 24.2 = 2.0 ±2.4 mm 

Aggregation (– wetting): (C-D) – (A-B) = 0.6 ±2.7 mm 

In this instance, the contribution to the differences in distance due to flow rate was again 

found to be 0.6 ±2.7 mm (450% CV). 

Based on these findings, a parameter termed the “Aggregation Effect” (AE) was 

established to account for the contribution to changes in sample flow rate due to platelet 

aggregation by elimination of contributions from Viscosity Effects or Wetting Effects. 

This was determined using the following formulae: 

AE = (B-D) – (A-C)    (Eq. 5.1) 

AE = (C-D) – (A-B)    (Eq. 5.2) 

Where AE is the Aggregation Effect, (A-C) is the sample viscosity, (A-B) is strip wetting, 

(C-D) is aggregation and wetting and (B-D) aggregation and viscosity. 

Since it would appear that the differences in flow rates due to sample viscosity and strip 

wetting were comparable regardless of the type of sample used, it might be assumed 

that there were no non-linear contributions from either sample type or strip modification 

on changes to flow rate. The differences due to strip wetting were also found not to be 

statistically significant. In addition, since all strips would ultimately be modified in the 

same manner, any differences in flow rates due to strip wetting (for epinephrine at least) 

should be minimal, or absent, and so can be disregarded. However, it had to be 

determined whether this was also the case for other agonists. 

In either case, the contribution to the distance travelled by the sample that was thought 

to be due to platelet aggregation was small (0.6 mm) with a very large standard deviation 

(2.7 mm, 450% CV, n=3). This very large variance is due, in part, to the propagation of 

errors which results from the subtraction of these four elements from one another, which 
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causes an accumulation of error according to the sum of the root mean squares of their 

individual variances (Section 2.2.14). Further development was required to determine 

whether this was a small, but real effect, or was just due to random error. In addition, to 

be of any measurement value, the contribution from aggregation on flow rate would 

have to be enhanced further to overcome issues of variance. 

 

5.2.4 Investigation of agonist on strip-based aggregation 

In the initial evaluation of strip-based aggregation in section 5.2.3, only epinephrine was 

investigated as an agonist. However, due to differences in their mode of action and 

potency in activating platelets, as well as the differences in impact on flow rates due to 

wetting and rehydration, other agonists might prove more effective in this scenario. In 

addition to epinephrine, three agonists (ADP, collagen, and arachidonic acid) were 

investigated for their ability to induce aggregation on the strips.  

Initially, the effect of the deposited agonists on the flow rate of TBS buffer (15 µL) on 

the strips over five minutes was assessed (Fig. 5.7). At this stage, the agonists were 

studied at the concentrations prescribed by the manufacturer for use in platelet 

aggregometry, being 200 µM (85.4 µg/mL), 3 mM (183.2 µg/mL) and approx. 0.3 µM 

(100 µg/mL) and 15.3 mM (5 mg/mL) for ADP, epinephrine, collagen and arachidonic 

acid, respectively. While arachidonic acid was also investigated, due to its lipophilic and 

surfactant properties, it was capable of passing through the hydrophobic wax boundary 

and so was not suitable for further investigation. Flow rates were greatest on ADP-

modified strips (35.3 ±1.3 mm), followed by that of epinephrine (31.7 ±1.0 mm), and 

then that of collagen (26.2 ±1.3 mm). This may be due to a combination of concentration 

and hydrophobicity. ADP and epinephrine are both small, water-soluble molecules, with 

ADP having a higher solubility (85 mg/mL at 25oC) than epinephrine (44 mg/mL, at 

25oC). Collagen, on the other hand is only poorly soluble in water, which means it would 

be much more difficult to rehydrate in the sample media than either ADP or epinephrine, 

making the paper strips significantly more hydrophobic and so significantly retarding 

sample flow. It can also be seen that the flow rate of TBS was similar if not identical for 

TBS and ADP modified strips, signifying that there was not significant difference in 

wetting effect between the two strips. 



112 
 

 

Fig. 5.7. Flow rates of 15 µL TBS on strips modified with 50 µL TBS buffer, 200 µM ADP, 3 mM 

epinephrine, or 100 µg/mL collagen (n=3).  

 

Using the approach described in section 5.2.3, the agonists ADP, collagen and 

epinephrine were studied further for their potential to bring about platelet aggregation 

on the strips, as well as 50:50 v/v combinations of ADP:collagen, and 

epinephrine:collagen (Fig. 5.8). Collagen being a platelet adhesion agent has been used 

in combination with epinephrine or ADP in platelet tests such as PFA 100/200 to detect 

different platelet function abnormalities (Shirlyn, 2010). The Aggregation Effect was 

calculated for all combinations using both formulae for AE (Eqs. 5.1 and 5.2). However, 

these were the same in all cases, and appeared to show that the method chosen to 

determine the Aggregation Effect did not have any impact on the result. Based on this, 

calculations were made using Eq. 5.1, as in any assay methodology, the agonist would 

likely remain constant in all cases. 

ADP alone gave the largest Aggregation Effect and the best standard deviation (2.8 

±2.6 mm, 93% CV), followed by the epinephrine:collagen mixture (1.3 ±1.8 mm, 138% 

CV), ADP:collagen (0.9 ±4.2 mm 467% CV), epinephrine alone (0.6 ±2.7 mm, 450% 

CV) and lastly, collagen alone (-1.8 ±4.2 mm, 233% CV). It should be noted that the 

difference in Aggregation Effect among the reagents was not significant (p=0.560) at 

this stage probably due to accumulation errors involved in the determination of 

Aggregation Effect. The largest positive effect given by ADP could be explained by the 

fact that ADP is a potent direct platelet activator, unlike the other agonists. In addition, 

it also had the least effect on flow rate (Fig. 5.6). This suggested ADP was the preferred 

choice for further exploration of platelet behaviours on lateral flow strips. Its direct 
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platelet activation and high potency makes it of potential use at relatively low 

concentrations, which would minimise wetting effects. As explained in Section 5.1, 

epinephrine is an indirect platelet activator (Lanza et al, 1988) similar to collagen which 

might result in slower platelet activation kinetics than ADP. Collagen had such a 

significant impact on sample flow that it may be more likely to mask the effects of 

aggregation and contribute to the variability in sample flow.   

 

Fig. 5.8. Aggregation Effect of platelets on agonist-modified paper-based lateral flow strips. 

Epinephrine (Epi) (◼), ADP (◼), collagen (Col) (◼), Epi:Col (◼) and ADP:Col (◼)  (n=3, p=0.560). 

 

While the optimum Aggregation Effect achieved with ADP at 200 µM was found to be 

2.8 mm, this was still small and had a standard deviation of 2.6 mm, again caused by 

inherent strip variability and the significant propagation of errors which accumulate 

during calculation of the Aggregation Effect, eliminating any statistically significant 

differences. However, it was still believed that, while statistical significance was not yet 

established (p=0.560) due to these errors, that these could be further minimised to 

identify a real effect due to aggregation. 
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5.2.5 Investigation of the enhancement of aggregation using fibrinogen 

Fibrinogen plays a crucial role in platelet adhesion and aggregation during primary 

haemostasis by enabling platelets to bind to the injured vessel wall and to other platelets 

via the glycoprotein IIb/IIIa receptor complex. Low fibrinogen concentration has been 

linked to reduced and unstable platelet plug formation (Mikhailidis et al., 1985), and 

fibrinogen is essentially a cofactor in platelet aggregation. However, the platelet 

suspensions used in this study were prepared from lyophilised platelets using TBS. 

These platelet suspensions were low in fibrinogen and this low fibrinogen level could 

reduce the level of aggregation of the platelets. Therefore, supplementing the platelet 

samples with fibrinogen could potentially improve the effect. In addition, while the 

platelet suspensions were within the normal range of platelet count (304 x 109/L), 

increasing the platelet count might provide a more obvious demonstration of an 

Aggregation Effect on the paper strips. These two parameters were assessed together 

by preparing and testing a concentrated platelet suspension (607 x 109/L) prepared in 

TBS containing fibrinogen at 2.1 mg/mL. Samples were then deposited on TBS and 

ADP-modified strips (n=3). In this case the change in sample flow attributable to 

aggregation rose from 2.8 ±2.6 mm (93% CV) to 3.4 ±2.3 mm (68% CV). Using this new 

data, the p-value from ANOVA showed an improvement from 0.560 to 0.448. While the 

gain in Aggregation Effect of 0.6 mm was still relatively small, there was an improvement 

in precision as the magnitude of the contribution to flow rate due to aggregation 

becomes proportionally greater than effects due to inherent strip variability. It was hence 

decided to supplement platelet samples with fibrinogen at approx. 2.1 mg/mL in future 

investigations. 

5.2.6 Optimisation of ADP concentration  

While the observed change in flow attributable to aggregation of 3.4 ±2.3 mm of a 

sample with a platelet count of ~600 x 109/mL was still relatively small and lacking 

sufficient precision, this was based on a single concentration of ADP which is 

recommended for bulk aggregation of platelets (200 µM), rather than in a lateral flow 

configuration. A different concentration of ADP might be more optimal for the activation 

and aggregation of platelets in this format, although increases in the concentration of 

agonist might cause some change in the wetting dynamics of the strips. An optimum 

ADP concentration might, therefore, have improved platelet activation, but have no 

significant additional Wetting Effect. To explore and optimise the effect of ADP, strips 

were modified with 50 µL ADP at a range of concentrations from 100 to 700 µM and 

investigated for their Aggregation Effect calculated using platelet samples (607 x 109/L) 
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in 2.1 mg/mL fibrinogen in TBS, and control samples of fibrinogen in TBS (n=3). The 

sample viscosity (A-C) was determined on unmodified strips from the two sample types. 

The control sample value was 28.0 ±0.5 mm, while the platelet sample was 25.7 ±0.8, 

yielding a sample viscosity contribution of 2.3 ±0.9 mm. This was then subtracted from 

the differences in distance values of the two sample types on strips modified with 

different ADP concentrations (Table 5.1). 

Table 5.1. Determination of the Aggregation Effect of platelets in response to different 

concentrations of ADP. Samples (15 µL) composed of 2.1 mg/mL fibrinogen in TBS containing 

no platelets (Control sample, B) or platelets at 607 x 109/L (Platelet sample, D) were applied to 

unmodified strips, or strips modified with 50 µL ADP (n=3). The sample viscosity was calculated 

from the difference travelled on the unmodified strips by the two samples (A-C, 28.0 ±0.5 – 25.7 

±0.8 = 2.3 ±0.9 mm) which was subtracted from the difference travelled by Control sample (B) 

and the Platelet sample (D), according to Eq. 5.1.(p=0.123) 

ADP  
(µM) 

Platelet sample (D) 
(mm) 

Control sample (B) 
 (mm) 

Aggregation Effect  
(mm) 

SD  
(mm) 

CV  
(%) 

100 23.8 ±0.3 27.5 ±1.0 1.4 1.3 93 

300 21.8 ±0.8 26.6 ±0.6 2.5 1.3 52 

500 21.0 ±0.5 27.7 ±0.8 4.4 1.2 27 

700 19.7 ±1.0 25.3 ±0.8 3.3 1.6 48 

 

As indicated in Table 5.1, the sample distance decreased with increasing ADP 

concentration for both test (with platelets) and control (TBS) samples. In the control 

samples, this effect was due entirely to a strip wetting effect from the increased ADP 

loading on the strip, while on the platelet samples, this was due to both wetting and 

aggregation. The Aggregation Effect appeared to increase, though not at  a significance 

level (p=0.123), with ADP concentrations from 100 to 500 µM and then declined slightly 

at 700 µM. The aggregation effect at 500 µM was larger than that at 100 µM (p=0.043) 

but not significantly larger than those at 300 µM (p=0.136) and 700 µM (p=0.395). 

However, at 500 µM an Aggregation Effect of 4.4 ±1.2 mm (27% CV) achieved, showed 

further improvement in precision and in reaching a value that suggested a genuine and 

quantifiable effect.  

5.2.7 Experimental and mathematical reduction of errors in Aggregation Effect 

While the optimisation of the measurement approach by using fibrinogen, and then 

through optimisation of agonist type and concentration had resulted in gradual 

improvements in the precision of the Aggregation Effect, the employment of four terms 

in the calculation would lead to an inherently high error value due to the propagation of 

errors. Elimination of some of these terms from the calculation would improve its 



116 
 

precision. Experiments had shown that, for epinephrine and ADP at least, the effect of 

wetting was negligible (p=0.120) and constant if all samples were applied to agonist-

modified strips. If one assumes this to be the case, then, for a given sample type, one 

can say that, in Eq. 5.1 A ≈ B, and one can then substitute B for A, which allows 

elimination of one of the terms: 

(B – D) – (B – C) 

If the equation is solved further as follows: 

= B – D – (B – C) 

= B – D – B + C 

                           = C – D        Eq. 5.3 

This result is logical both mathematically and experimentally, as, if we see in Fig. 5.6, 

the difference between C and D is due to aggregation and wetting, and where the 

difference due to wetting is negligible and can be eliminated, then we can neglect both 

A and B. Thus, we can legitimately eliminate both of the two terms, A and B from the 

experiment and calculation, and also reduce the error propagation as now only two 

terms are required. If the values of Aggregation Effect shown in Table 5.1 are 

recalculated using only the terms C and D (Eq. 5.3), the resulting new values and errors 

could be determined (Table 5.2). Firstly, there was a general increase in the magnitude 

of the Aggregation Effect, as both the values of A and B were no longer subtracted from 

the difference between C and D.  

Table 5.2. Determination of the Aggregation Effect of platelets in response to different 

concentrations of ADP. Samples (15 µL) composed of 2.1 mg/mL fibrinogen in TBS containing 

platelets at 607 x 109/L were applied to unmodified strips (Platelet control, C), or strips modified 

with 50 µL ADP (n=3) (Platelet test, D). The difference travelled by C and D were determined  

according to Eq. 5.3. (p=0.008) 

ADP  
(µM) 

Platelet control (C) 
(mm) 

Platelet test (D) 
 (mm) 

Aggregation Effect  
(mm) 

SD  
(mm) 

CV  
(%) 

100 25.7 ±0.8 23.8 ±0.3 1.9 0.85 45 

300 25.7 ±0.8 21.8 ±0.8 3.9 1.13 29 

500 25.7 ±0.8 21.0 ±0.5 4.7 0.9 19 

700 25.7 ±0.8 19.7 ±1.0 6.0 1.2 48 

 

In addition, there was a significant improvement in the precision, with the Aggregation 

Effect at 500 µM achieving an CV of <20%, which demonstrates significant precision 

and confidence in the result since the p-values rose from 0.123 (Table 5.1) to 0.008 
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(Table 5.2). In this case however, 700 µM ADP resulted in the greatest Aggregation 

Effect, although 500 µM resulted in the greatest precision. 

5.2.8 Investigation of the plasma sample matrix on the Aggregation Effect  

While platelet suspensions in TBS buffer solutions, even with fibrinogen, may provide a 

model sample matrix for preliminary evaluation of the fluid dynamic properties of 

samples containing platelets on paper strips in response to agonists, such a sample 

would not be representative of the physiological situation, as these would be composed 

of whole blood, or plasma. It was therefore necessary to evaluate platelet sample 

behaviour on the strips in a more physiologically relevant matrix which was composed 

of plasma. In this regard, lyophilised calibration plasma reconstituted with TBS was, in 

turn used to prepare lyophilised platelets for measurement of the Aggregation Effect. 

The effect of ADP concentration on the Aggregation Effect was again investigated using 

this as the sample matrix. However, the platelet poor calibration plasma was itself found 

to have a platelet count of 101 x 109/L, and so platelet counts were based on the 

contribution from the plasma and the lyophilised platelets, on the assumption that all 

platelets were activating and aggregating in a comparable manner. Platelet samples 

were again applied to strips that were now unmodified (Platelet control) or modified with 

50 µL ADP (Platelet test), and the difference of the distance travelled by the two samples 

determined as the Aggregation Effect (Table 5.3). 

Table 5.3. Sample distances at five min of platelet suspensions (607 x 109/L) in calibration 

plasma on unmodified strips (Platelet control) or strips modified with 50 µL ADP Platelet test) 

(n=3, p=0.038). 

ADP 
 (µM) 

Platelet control 
 (mm) 

Platelet test  
(mm) 

Aggregation Effect 
(mm) 

SD 
(mm) 

CV 
(%) 

100 19.5 ±0.5 18.7 ±1.3 0.8  1.4 174 

300 19.5 ±0.5 18.8 ±0.8 0.7 0.9 135 

500 19.5 ±0.5 14.5 ±2.6 5.0 2.6 53 

700 19.5 ±0.5 15.2 ±1.9 4.3 2.0 46 

 

When plasma was used as the sample matrix, overall precision, though still significant 

(Table 5.3, p=0.038),  was reduced when compared with platelet suspensions in buffer 

(Table 5.2, p=0.008). The elevated viscosity of the sample matrix reduced the total 

distance travelled on both modified and unmodified strips, leading to an inherently 

poorer ‘signal to background’ ratio and reduced precision. However, thought not 

statistically significant (p=0.730), the Aggregation Effect appeared to be greater at 500 

µM than at 700 µM and in plasma rather than in buffer (5.0 mm), although ADP at 700 
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µM appeared to give a better CV. While precision was reduced in the plasma matrix, it 

was decided to continue to explore the performance of the system since it would be 

necessary to use this in any future analysis of real samples. 

5.2.9 Optimization of sample volume 

Sample volume, since it also influences sample distance, could be optimized to enhance 

the Aggregation Effect. Using strips modified with 50 µL of 500 µM ADP, the sample 

volume was optimised by testing the platelet and control samples at various sample 

volumes. As shown in Table 5.4, Aggregation Effect appeared to increase with sample 

volume from 1.7 ±0.9 mm (12 µL sample) to  4.0 ±1.6 mm (15 µL sample) but then 

decreased to 2.7 ±1.2 mm (21 µL). However, the overall difference in Aggregation Effect 

between the different volumes was not very significant (p=0.130). The 15 µL sample 

volume being used all along, just like in the case of the prothrombin time assay (chapter 

4), gave the best effect (4.0 ±1.6 mm) and continued to be used as the assay sample 

volume. It should be noted that, even though not at statistically significant levels, the 

differences in the effect between 15 µL and 12 µL or 18 µL (5.3 mm, p=0.038), were 

better than that between 15 µL and 21µL (p=0.323). No overall improvement in 

aggregation effect was registered. Increased aggregation effect appeared to go along 

side with increased variability in travel distance. 

Table 5.4. Platelet aggregation effect as a function of sample volume on strips modified with 

ADP (500 µM, 50 µL). Aggregation Effect determined by subtracting viscosity effect (1.8 mm) 

for the difference in distance travelled by control sample (CS) and test sample (TS) (p=0.130). 

Volume/µL TS/mm CS/mm Agg effect SD/mm 

12 10.7 14.2 1.7  0.9 
15 14.5 20.3 4.0  1.6 
18 17.7 21.2 1.7  0.9 
21 21.5 26.0 2.7  1.2 

 

 

5.2.10 Study of the effect of platelet count on the Aggregation Effect 

A major aim of this study was to establish whether platelet count can be determined 

from the distance travelled by an aggregating plasma sample. While it has been 

demonstrated that platelet aggregation appears to lead to some change in sample flow 

at relatively high platelet count, the anticipation is that the magnitude of this effect would 

be proportional across a range of platelet counts relevant to clinical measurement. 

Samples with different platelet counts (101 to 1,119 x 109/L) were prepared and tested 

on ADP modified strips (50 µL, 500 mM) as well as TBS modified (50 µL) strips and the 

corresponding sample travel distances and aggregation effect determined. 
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As shown in Fig. 5.8A, the platelet count and distance travelled by the sample showed 

an inverse logarithmic relationship (r=0.996), covering the entire platelet count range. 

However, the contribution to this effect was from both differences in sample viscosity, 

as well as platelet aggregation. Ultimately, any test method would have to be 

independent of viscosity effects. When Aggregation Effect was calculated according to 

Eq. 5.3 (Fig 5.8 B), this demonstrates that the Aggregation Effect increased with platelet 

count and the two had a direct logarithmic relationship. A correlation coefficient 

(r=0.886) did appear to demonstrate a reasonable relationship. However, the increase 

in error again due to inherent strip variability, and the need to subtract the viscosity 

control again led to a significant increase in imprecision. 

 

Fig. 5.8. Platelet count vs distance travelled by sample and Aggregation Effect. A) platelet count 

vs distance travelled by sample, B) platelet count vs Aggregation Effect. Platelet count appeared 

to show an inverse logarithmic relationship with distance travelled and a direct logarithmic 

relationship with Aggregation effect. Aggregation effect was considered to be the difference 

between the distance travelled on ADP modified (50 µL, 500 mM) and TBS modified (50 µL) 

strips. 15 µL was used as sample volume. 
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5.2.11 The effect of the platelet antagonist aspirin on platelet aggregation on strip 

There was now reasonable evidence that the platelet samples used were active and 

functional and were responding to ADP by adhering and aggregating on assay strips, 

and thus causing a reduction in sample distance as determined by the Aggregation 

Effect. These conclusions were based on quantitative platelet behaviour. Further proof 

of the validity of the fact that the effect was due to platelet aggregation would be to 

employ a platelet antagonist such as aspirin to eliminate platelet aggregation and see if 

the assay could distinguish the antagonist treated platelets from untreated ones. 

Platelets treated with the antagonist would aggregate less or not aggregate at all and 

result in faster flow rates, while untreated platelets would continue to aggregate 

normally, obstructing sample flow and lead to shorter distances. To test this, two 

different platelet samples were prepared, one treated with 2 mM aspirin and the other 

prepared in the usual way without aspirin. Aspirin inhibits platelet function by preventing 

the conversion of arachidonic acid to thromboxane A2, a potent platelet activator that 

induces shape change and release reactions in platelets which are essential for 

adhesion and aggregation (Catherine, 2021).  Both samples had identical platelet 

counts  of approx. 607 x 109/L, and were tested on TBS and ADP modified strips and 

their travel distances recorded and compared (Fig. 5.9A).  

On the TBS-modified control strips, both distances were very similar with the difference 

between the treated and untreated platelet samples of 0.2 ±1.35 mm (p=0.400), 

indicating that there was no significant difference between the two distances, the 

difference was due to random variations in measurement. In the case of ADP-modified 

test strips, the difference between the treated and untreated samples was 2.8 ±1.85 mm 

(p=0.034). This showed that there was a statistically significant difference between the 

distances, meaning the inhibited sample covered a longer distance than the functional 

sample, which confirms that the effect was due to the action of aspirin on activated 

platelets. Furthermore, as shown in Fig, 59B, the Aggregation Effect elicited by the 

platelet sample (6.5 ±2.0 mm) appeared larger than that elicited by the aspirin treated 

platelet sample (3.9 ±2.6 mm). However, again due to accumulation of errors involved 

in calculating the Aggregation Effect, precision was lost, and the two Aggregation 

Effects were not statistically distinguishable (p=0.164). 
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Fig. 5.9. (A)Distance travelled by platelet (-ASP) and aspirin treated platelet (+ASP) samples 

(15 µL) on TBS (50 µL) and ADP (50 µL, 500 mM) modified strips. (B) Aggregation Effect of a 

platelet sample (-ASP) compared to that of aspirin treated platelet sample (+ASP).  

 

To sum up, activation and adhesion/aggregation of platelets on paper-based lateral flow 

strips have been studied and confirmed in this work. Platelets exposed to immobilised 

platelet agonists adhere and aggregate on the strips and reduce sample flow rate and 

distance travelled to a degree at which normal platelet samples could be distinguished 

from inactivated/dysfunctional platelet samples (p<0.05). In addition, the technique was 

found to be sensitive to sample platelet count. No comparative work has yet been seen 

in the literature. The current platelet function tests in used in hospitals and clinics such 

as VerifyNow, Plateletworks, Multiplate device, TEG platelet mapping, PFA 100/200, 

Sonorheometry (Bolliger et al., 2021), Flow cytometry, Impact, Phosphorylated 

Vasodilator-stimulated phosphoprotein (VASP-P), and Microparticles (Choi et al., 2014) 

are either laboratory based, expensive and/or require power, instrumentation and 

expertise and so not ideal for low resource and remote environments. The impedance 
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method developed by Chrono-Log Havertown (USA) (Van Werkum et al., 2007) has the 

advantage of using whole blood instead of PRP just like TEG and PFA 100/200 and has 

shown a good correlation with optical aggregometry (Vinholt et al., 2017;  Blanc et al., 

2020) but it still requires about two minutes sample preparation, and over ten minutes 

turnround time and most importantly, it is laboratory-based and requires power and 

expertise to operate. New methods of detecting platelet aggregation have been reported 

including spectroscopic determination of platelet aggregation (Tsujino et al., 2019), 

Spectroscopic determination of platelet count (Kitamura et al., 2018) and the use of a 

Microchip Flow Chamber (Iwanaga et al., 2020). However, all of these are also 

expensive and technically complex to operate. This work, therefore, is novel and has 

laid down the foundation for the development of a new, simple, and low-cost paper-

based lateral flow platelet function test that could detect platelet dysfunction as well as 

quantitative platelet defects like thrombocytopenia and thrombocythemia.  

 

5.3 Conclusion 

In this study, it has been clearly demonstrated that platelets adhere and aggregate on 

paper-based assay strips in response to agonists. In addition, this aggregation also 

appears to influence sample flow dynamics by reducing flow rate and distance. It has 

also been shown that the assay was able to distinguish between platelets treated with 

an antagonist (aspirin) from untreated ones (p<0.05). The treated platelet samples 

travelled longer distances (15.6 mm) than untreated platelets (12.8 mm) on ADP 

modified strips while on the buffer modified strip (control strip), there was not significant 

difference in the distance covered by the two different platelet samples (19.5 ±1.5 mm 

and 19.3 ±1.2 mm, respectively, p=0.400). However, due to accumulation of errors and 

loss of precision, Aggregation Effect of platelets, though appeared to be larger (6.5 ±2.0 

mm) but was not significantly larger than that of aspirin treated platelets. The techniques 

also demonstrated sensitivity to platelet count by showing a strong correlation between 

platelet count and distance travelled by sample- (r = 0.996). Due to the very small 

volume fraction of the platelets in samples, the response was small and that the 

approach used requires improvements in order to make it more analytically and clinically 

viable. However, these preliminary observations hold significant potential for platelet 

assays based on lateral flow paper platforms which might provide low-cost platelet 

function testing in resource scarce and remote environments. 
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6.  OVERALL CONCLUSIONS AND FUTURE WORK 
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6.1  Overall conclusions 

In this work, two separate paper-based lateral flow assays have been developed for 

measuring different blood coagulation parameters using a visual readout format based 

on the distance travelled by the sample. A comprehensive study was also conducted on 

the aggregation of platelets on the lateral flow strips, which has laid a foundation for 

future work on lateral flow platelet analysis.  

 

The first assay was a paper-based lateral flow device for measurement of fibrinogen in 

human plasma. In this device, the paper test strips were modified with exogenous 

thrombin, and the distance covered by a plasma sample was inversely proportional to 

the fibrinogen concentration. This device was capable of measuring fibrinogen across 

the entire clinically relevant range (0.5 to 7.5 mg/mL) within five minutes and showed a 

strong correlation (r=0.979) with a routine method (Yumizen G FIB).  

 

The second assay was the paper-based lateral flow prothrombin assay. Here, paper 

test strips were modified with a thromboplastin reagent and calcium chloride solution. 

Plasmas with normal PT values covered short distances (≤14 mm) while plasmas with 

prolonged PT values covered longer distances (≥14 mm). This assay also showed a 

strong correlation with an established clinical prothrombin time test in samples with PT 

values from 9.5 to 40.0 seconds. It could effectively distinguish abnormal plasmas from 

normal plasmas based on their PT values.  

 

The third investigation looked at the potential for a paper-based lateral flow system for 

platelet function test. Here, the effect of platelet activation and aggregation on the paper 

strips were investigated. While the effect was relatively small, there did appear to be a 

change in sample flow as a result of platelet aggregation following activation with a 

number of agonists, particularly ADP. While the ability to use this to quantify platelet 

count was somewhat limited, its ability to differentiate between platelets that had been 

treated with or without an antagonist was quite definitive. 

 

These coagulation and aggregation testing devices are compact, low cost, and very 

simple to operate in comparison to most, if not all coagulation testing devices currently 

available. In the case of platelet function testing, there are no other comparable 

techniques or devices yet available. As they are based on cellulose paper strips which 

are abundantly available and highly biodegradable, they also represent improved 
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environmental sustainability at a time when eradication of plastics is becoming 

particularly important. The devices also use small volumes of reagents and samples 

and have a short turnround time of five minutes. These devices are therefore more 

suited to low resource settings which often lack laboratories and affordable diagnostic 

methods for bleeding and clotting disorders. These devices exhibit the potential to 

conduct simplified, low-cost, clinically reliable screening tests for coagulation disorders. 

However, they still require further developments to improve their sensitivity, precision, 

and stability to fully achieve these objectives. 

 

6.2  Future work 

6.2.1  Improving the performance of the developed assay devices  

The performance of the developed devices, particularly the prothrombin and platelet 

function assays (Chapters 4 and 5, respectively) require further significant 

improvements. Each of these devices has a low precision and a narrow dynamic range 

which limit their performance. These analytical features could be further explored and 

enhanced by investigating the use of fibrinogen coated polystyrene/silica nanoparticles 

on test strip surfaces (Díaz-González and Escosura-Muñiz, 2021). Other cellulose-

based paper types with different thicknesses and water flow rates such as Whatman 

grade 4 and grade DE81 should be investigated as well.  

The fibrinogen assay (Chapter 3) was robust and had an adequate correlation with a 

routine method (r = 0.979), but its performance was based on artificially constructed and 

limited number of plasma samples (20 samples). In addition, only one type of thrombin 

reagent (lyophilised bovine thrombin from Clauss fibrinogen 50 kit) was fully explored in 

the development of the assay. The fibrinogen assay, therefore, should be further studied 

by using thrombin reagents from other sources and by adding calcium to the test strips. 

Its performance should also be re-evaluated using a large number (≥ 60) of real patient 

samples. Prior to the COVID-19 pandemic, there had been a plan to analyse a bank of 

plasma samples for a study of post-partum haemorrhage at Cardiff Hospital, but which 

had to be cancelled due to the pandemic. Testing the performance of the device in such 

a cohort would demonstrate potential of the device to support maternal peri-natal care 

in low resource environments. 

The investigation of platelet behaviour on lateral flow strips in response to agonists 

(Chapter 5) appeared to adequately set the foundation for developing a lateral flow 
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platelet function test. The inherent variability of the paper substrate which led to low 

precision in sample flow rate and the very small volume fraction of platelets in the 

sample (Pogorzelska et al., 2020) which made it difficult for platelet aggregation to 

significantly alter sample flow behaviour on strips, were the main limitations of the 

envisioned paper-based lateral flow platelet function analyser. Modification of the strips 

with fibrinogen or fibrinogen coated nanoparticles (Sanfins et al., 2014) before adding 

the agonist and/or using papers with different thickness and pore size distribution could 

improve both precision and Aggregation Effect. Furthermore, reconstituted lyophilised 

platelet samples instead of fresh platelet rich plasma samples were used in the 

investigation. After satisfactorily enhancing the aggregation effect and precision as 

explained in the first paragraph (section 6.2.1), assay performance should be re-

evaluated using normal platelet samples and platelet samples from patients with 

different platelet defects such as thrombasthenia, thrombocytopenia, and 

thrombocythaemia.  

The strip fabrication technique for all three devices, especially the reagent 

immobilisation and drying steps should also be improved so that these steps are 

conducted in an environment with constant temperature and humidity such as in an 

environmental chamber. Automated techniques for reagent deposition such as the use 

of microdroplet dispensers would improve reproducibility in the distribution of reagents 

on strip surfaces, as well drying of strips which would improve assay reproducibility. The 

flow monitoring window of the plastic holders could also be covered with a thin 

transparent plastic film to reduce the impact of humidity fluctuations and evaporation 

during device operation. 

To omit the need for power, which is often an issue in remote places, the operation of 

the devices at a range of ambient temperatures instead of on a heating blocks set a 

37ºC should be explored further, and the devices should be developed with calibration 

ranges that suit such a range of ambient temperatures as might be found in low resource 

environments. The plastic holders could also be equipped with multiple reading scales 

applicable for these different ambient temperature ranges.  
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6.2.2  Development of a paper-based lateral flow activated partial thromboplastin 

assay 

As explained in the introduction (section 1.4.3), aPTT is used to evaluate the intrinsic 

and common coagulation pathways, is sensitive to all of the haemophilia types (A, B, 

and C) and is used to monitor heparin therapy (Shirlyn, 2010). Coupled with the simple 

low-cost fibrinogen and thromboplastin assays developed in Chapters 3 and 4, the 

addition of an aPTT assay could allow a wider range of bleeding and clotting problems 

to be affordably screened in low resource and emergency settings. This assay could 

also therefore be developed and tested for use in the target settings. Development of 

lateral flow partial thromboplastin assay might begin with using the test strip design 

adopted for prothrombin assay device (Chapter 4, Fig 4.4C). The test strips might 

comprise a sample deposition zone and a fluidic flow channel on the top surface and a 

wax coated base that covers the sample deposition zone at the back surface. The strips 

might be modified with an aPTT reagent and investigated for alteration in flow 

behaviours of normal plasmas in comparison to control samples (serum and buffer). An 

anticipated challenge in lateral flow aPTT assay development could the continuous flow 

of plasma along the fluidic channel after clotting process has seized as was encountered 

in the PT assay development (Chapter 4). It led to low sensitivity and precision and 

aPTT being a slower and longer clotting test  (35 to 45 s) than PT (10 to 13 s) in normal 

plasms (Leonardi, 2019b), this challenge could be even more severe and more difficult 

to alleviate than in PT. Methods of trapping the flowing serum in paper matrix such as 

modification of the paper strips with fibrinogen nanoparticles (Rejinold et al., 2010) or 

fibrinogen coated nanoparticles (Marucco et al., 2014) could be employed. The 

identified clotting effect on fluid flow behaviour could be quantified and further enhanced 

by assessing different aPTT reagents, different reagent concentrations, different strip 

geometries, different paper types, and different sample volumes. Each of these 

parameters could be assessed individually using at least three plasma samples that 

differ in aPTT values. The parameters would be selected based on precision of plasma 

distances and how far apart the plasmas differ in flow rate/distance. 

The device should be tested against an established routine aPTT method using normal 

plasmas and plasma samples from haemophilia patients and the assay performance 

determined using appropriate analytical parameters. 
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6.2.3  Development of a multiplexed lateral flow coagulation analyser 

The three different lateral flow clot screening assays (fibrinogen/TT, PT, and aPTT) 

developed could be integrated into a multichannel device (Anfossi et al., 2018; Zhao et 

al., 2016) with a single sample deposition zone (Fig. 6.1). The paper cartridge of the 

device could be circular in shape and bears four analytical channels (i.e., three test 

channels  and a control channel) that join at the centre. Each test channel would conduct 

one of the clotting tests while the control channel would be used to normalise effects of 

temperature and humidity fluctuations as well to test for assay validity. The test channels 

would be modified with the appropriate reagent(s), while the control channel be modified 

with appropriate control materials. The multichannel paper cartridge could be 

sandwiched between two protective and reusable plastic discs to make it compact 

(Macaskie and Redwood, 2008). The upper plastic disk would bear a sample application 

window and a transparent window with millimetre reading scale along each channel.  

Since platelets and other blood components interfere with clotting assays, to achieve 

adequate sensitivity and robustness, the multiplex clot screening device could be 

designed for PPP samples. At the sample zone where all the channels meet, the upper 

plastic protective disc could bear a perforated drainage piece (Zhao et al., 2016). Since 

the individual testing channels would likely differ in optimum sample volume, the 

drainage piece could be designed and position in such a way that it would distribute the 

sample among the channels according to the sample volume requitement of the 

different channels. This could be achieved by using different drainage hole sizes toward 

the different channels. A sample chamber which would be placed on top of the drainage 

piece, could be designed to hold just the right sample volume so that the samples could 

be applied even without using a micropipette and the drainage holes would gently 

release and distribute the sample into the channels to ensure capillary rather than bulk 

flow into and along the channels.  

The multiplex device would be calibrated using artificially constructed standard samples 

to define normal ranges after which it would be validated by testing on clinical samples 

and comparing the actual outcomes with the expected ones using statistical tests.  
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Fig. 6.1. Multiplexed lateral flow coagulation screening device showing thrombin 

time/quantitative fibrinogen channel (TT), prothrombin assay channel (PT), activated partial 

thromboplastin assay channel (aPTT), control test channel (CT), sample deposition point, and 

reusable strip housing plastic case.  

 

6.2.4 Development of lateral flow assay for detection of Von Willebrand Disease 

(vWD) 

Von Willebrand’s Factor (vWF) is a glycoprotein present in blood plasma at a normal 

concentration of about 10 µg/mL. It mediates adhesion of platelets to exposed collagen 

at the injured site via the GPIb receptor, as well as via fibrinogen and GPIIb/IIIa receptor. 

Dysfunction of vWF which leads to Von Willebrand disease (vWD), and/or dysfunction 

of the GPIb receptor called Bernard Soulier syndrome (BSS)  result in either bleeding 

or thrombotic problems (Hoffbrand et al, 2015). The strip design used in the investigation 

of platelet behaviours on lateral flow strips (Chapter 5) could be used in the initial 

investigations. The test strips would be modified with ristocetin and collagen and tested 

for changes in the flow behaviour of normal PRPs samples compared to samples with 

defective GPIb and/or vWF. Collagen, being a highly hydrophobic material that greatly 

inhibits fluid flow on lateral flow strips but critical for vWF-mediated platelet adhesion, 

should be added to strip surfaces in a very dilute solution. A change in sample flow 

behaviour attributable to platelet adhesion and aggregation would be enhanced by 

assessing different collagen and ristocetin sources and concentrations as well as adding 

fibrinogen coated nanoparticles on test strips. Other analytical features such as sample 

volume, paper types and strip designs could also be explored to achieve optimum effect. 

The device could be validated with a cohort of PRP samples that includes normal and 

abnormal samples from vWD and BSS patients and comparing results with the expected 

outcomes. 
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6.2.5 Development of a multiplexed lateral flow platelet function analyser 

Platelet adhesion/aggregation depend on both platelets and vWF and the multiplex 

analyser proposed here would be capable of detecting and differentiating inherent 

platelet defect and vWD. The two platelet assays (Chapter 5, and section 6.2.4), when 

fully developed could be integrated into a single device (Anfossi et al., 2018; Zhao et 

al., 2016) with one sample deposition point, two test channels and one control channel 

(Fig. 6.2). This device would be similar in shape to that of the one proposed for multiplex 

lateral flow coagulation analyser (section 6.2.3) but with three instead of four channels. 

One of the test channels would be coated with ristocetin and collagen and sensitive to 

Von Willebrand disease (vWD) and platelet defects such as Bernard Soulier syndrome 

(BSS) and thrombocytopenia. The other test channel will be coated with ADP and 

sensitive to platelet defects like thrombasthenia, thrombocytopenia, and aspirin 

ingestion. The control channel will be coated with an appropriate buffer, and it will be 

used to normalise environmental effects and to ascertain assay validity.  

This device would be designed for testing PRP samples. Just like in the case of the 

multiplex coagulation analyser, it could be house in a plastic protective case that bears 

a sample deposition window and transparent windows with millimetre reading scales 

along the channels. It would also bear a sample chamber and a drainage piece. 

The device will be calibrated to define normal and abnormal ranges and then validated 

by testing normal and patient samples and comparing actual and expected results.  

 

Fig. 6.2. Multiplexed lateral flow platelet function analyser. A) analytical channel sensitive to 

Von Willebrand disease (vWD), Bernard Soulier syndrome (BSS) and thrombocytopenia, B) 

analytical channel sensitive to thrombasthenia, thrombocytopenia, and aspirin ingestion, C) 

control channel for normalising environmental effects and testing assay validity.  
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6.2.6  Deployment of the coagulation testing devices into low resource areas 

Effective deployment of the proposed coagulation testing devices into a healthcare 

system in the intended regions would require a number of procedures including clinical 

and feasibility studies, securing regulatory and ethical approvals, cooperation of 

relevant stakeholders, training of healthcare personnels and so forth. The following 

strategies and procedures could be followed.  

Building partnership with key stakeholders: For effective introduction and use of new 

diagnostic devices into a healthcare system, partnership and cooperation of key stake 

holders in the target country/region have to be secured. Institutions such as the health 

ministry, relevant local NGOs, ethical and regulatory committees and so forth could be 

contacted and engaged in meeting and seminars in which the need for and how low-

cost, multiplex, lateral flow coagulation screening devices would improve access to 

diagnosis and treatment for people with bleeding and clotting problems in the target 

communities. A strong need for the devices should be presented before the 

stakeholders via presentations, demonstrations, and discussions in order to ensure their 

cooperation.  

Conducting clinical assessment and feasibility studies: Clinical assessment of the 

devices and the feasibility of effectively using them in the target communities should be 

conducted in conjunction with health ministry, and healthcare personnel in both public 

and private health facilities. NGOs could be engaged to secure funding for the process. 

In the clinical assessment, the performance of the devices within the target communities 

should be re-evaluated. The impact of the prevailing environmental conditions on 

operation and storage of the devices and should also be assessed and adjustments 

made accordingly.  

Securing ethical and regulatory approval: Unfortunately, many developing countries 

especially those in West Africa do not have national level regulatory policies and 

guidelines for medical devices (Ekeigwe et al, 2019). However, where national level 

regulatory policies and guidelines do not exist, those within the WHO model (WHO, 

2017) could be followed. The relevant regulatory policies and guidelines could be 

identified, and adjustments made accordingly in the design, labelling, packaging and 

usage of the devices. Other necessary procedures could be sorted and followed until 

approval is secure.  
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Training healthcare personnel: For proper handing and usage of the devices, healthcare 

personnel such as nurses and public health officers in target communities should be 

trained. Training on effective handling, storage, and operation of the devices could be 

conducted via workshops and seminars. 

Fabrication and distribution of the devices: A building/venue for fabrication of the 

devices could be secured and furnished with a wax printer, workstations, and other 

necessary tools. The disposable paper test cartridges and reusable holders could be 

produced, packaged and distributed to the target area hospitals, clinics, and primary 

healthcare centres as needed.  
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