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Abstract

This thesis develops the science and engineering behind novel diagnostics for measuring blood fibrinogen
concentration on paper. It aims to quantify their sensitivity, determine their mechanisms and understand
their limitations. These diagnostics are designed to be rapid, simple to use and cheap to easily determine
wherever critically bleeding patients have low blood fibrinogen concentrations. Hence, it can allow them
to receive life-saving fibrinogen replacement therapy (FRT) and save millions of lives a year.

Fibrinogen is the effector clotting protein in blood. It is normally present in the plasma at concentrations
between 2-4 g/L. When bleeding is induced, fibrinogen is polymerised into fibrin at the site of blood vessel
breakage. It then forms the backbone of clots to stop bleeding. Patients with hypofibrinogenemia are at
a significantly greater risk of mortality due to critical bleeding. The early depletion of fibrinogen can impair
the formation of clots.

When hypofibrinogenemia is detected in critically bleeding patients, FRT is used. European clinical
guidelines have stated that FRT should be implemented when plasma fibrinogen concentrations fall below
2 g/L. However, FRT needs to be handled carefully to prevent unnecessary fibrinogen supplementation.
Over-supplementation can lead to thrombotic episodes, induce iatrogenic effects and waste expensive
resources.

The main clinical assays currently used to detect hypofibrinogenemia contain difficulties. The Clauss
assays are the most common standard laboratory technique for quantifying fibrinogen concentration.
They do so by taking a plasma sample, adding thrombin and measuring the time taken for fibrin formation
to occur. Longer times correlate to lower fibrinogen concentrations. Likewise, viscoelastic haemostatic
assays have risen in popularity in the last 20 years. This is because they can show the effect of numerous
clotting factors in whole blood per assay. Viscoelastic haemostatic assays measure fibrinogen through the
change in viscoelasticity when fibrin is formed. However, both assays require well controlled, sensitive
and expensive instruments which cannot be transported to the patient. As the patient must be
transported to the equipment, the assays consume critical time before FRT can be administered.

Therefore, a rapid, cheap, portable, hand-held plasma fibrinogen concentration diagnostic is needed to
greatly reduce the time to treatment needed for FRT.

This thesis describes numerous fibrinogen concentration tests on paper. The first is a vertical wicking test
where plasma-wetted paper strips are inserted into an aqueous dye bath and the fibrinogen
concentration dictates the length the dye wicks up the strip. The second is a horizontal wicking test where
plasma-wetted paper strips are oriented horizontally, an aqueous dye is pipetted onto the strips and the
fibrinogen concentration of the plasma dictates the wicking length of the blue dye. The third is another
horizontal wicking test where a droplet of whole blood is formed on a solid surface, a paper strip is placed
on top and the fibrinogen concentration dictates the distance the blood wicks down.
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Summary

This thesis develops the science and engineering behind novel diagnostics for measuring blood fibrinogen
concentration on paper. It aims to quantify their sensitivity, determine their mechanisms and understand
their limitations. These diagnostics are designed to be rapid, simple to use and cheap so that medical
personnel can easily determine wherever critically bleeding patients have low blood fibrinogen
concentrations or not. Hence, it can allow these patients to receive life-saving fibrinogen replacement
therapy (FRT) at the site of injury and save millions of lives a year.

Fibrinogen is the effector clotting protein in blood. It is normally present in the plasma at concentrations
between 2-4 g/L (1, 2). When bleeding is induced, fibrinogen is polymerised into fibrin at the site of blood
vessel breakage (3, 4). It then forms the backbone of clots to stop bleeding (5-9). Patients with
hypofibrinogenemia are at a significantly greater risk of mortality due to critical bleeding (10, 11). This is
because the early depletion of fibrinogen can impair the formation of clots (12, 13).

When hypofibrinogenemia is detected in critically bleeding patients, FRT is used. European clinical
guidelines have stated that FRT should be implemented when plasma fibrinogen concentrations fall below
2 g/L (14). Whilst the topic remains controversial, there is ongoing evidence to show the early detection
of hypofibrinogenemia and FRT can improve outcomes in haemorrhagic patients (15-17).

However, at the same time, FRT needs to be handled carefully to prevent unnecessary fibrinogen
supplementation. Over-supplementation can lead to thrombotic episodes, induce iatrogenic effects and
waste expensive resources (18, 19).

The main clinical assays currently used to detect hypofibrinogenemia contain difficulties. The Clauss
assays are the most common standard laboratory technique for quantifying fibrinogen concentration.
They do so by taking a plasma sample, adding thrombin and measuring the time taken for fibrin formation
to occur. Longer times correlate to lower fibrinogen concentrations (20). Likewise, viscoelastic
haemostatic assays (VHAs) have risen in popularity in the last 20 years. This is due to their ability to
guantify numerous clotting factors in whole blood per assay. VHAs measure fibrinogen concentration
through the change in viscoelasticity when fibrin is formed (21). However, both assays require well
controlled, sensitive and expensive instruments which cannot be transported to the patient. As the
patient must be transported to the equipment, the assays consume critical time before FRT can be
administered (22).

Therefore, a rapid, cheap, portable and hand-held plasma fibrinogen concentration diagnostic is needed
to greatly reduce the time to treatment needed for FRT.

The use of paper in diagnostics has become pronounced in the last two decades. Paper is a cheap and
lightweight material that can facilitate the rapid movement of biological samples (due to its network of
capillaries) and biochemical reactions. Much of the research in paper diagnostics has been completed in
detecting antigens, measuring enzymatic activity and blood typing (23-27). However, no research
currently exists in the use of paper for measuring fibrinogen concentrations in the blood.

This thesis describes numerous fibrinogen concentration tests on paper. The first is a vertical wicking test
where plasma-wetted paper strips are inserted into an aqueous dye bath and the fibrinogen
concentration dictates the length the dye wicks up the strip. The second is a horizontal wicking test where
plasma-wetted paper strips are oriented horizontally, an aqueous dye is pipetted onto the strips and the
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fibrinogen concentration of the plasma dictates the wicking length of the dye down the strip. The third
diagnostic is another horizontal wicking test where a droplet of whole blood is deposited on a solid surface,
a paper strip is placed on top of it and the fibrinogen concentration dictates the distance the blood wicks
down.

The first two tests can distinguish low (<2 g/L) from normal fibrinogen concentrations in minutes. They
work by reacting the plasma wetted paper strips with thrombin to form fibrin. The conversion of plasma
fibrinogen to fibrin significantly increases the hydrophobicity of the paper strip. Therefore, it makes it
much harder for the aqueous dye to move through. Hence, higher fibrinogen concentrations cause the
aqueous dye to wick to shorter distances.

The third diagnostic invented can work with whole blood. It can easily distinguish fibrinogen
concentrations below and above 1.6 g/L in minutes. It works by pre-mixing the blood droplet with a
thrombin solution to clot it. The higher the fibrinogen concentration, the more fibrin that is formed and
hence the lower the permeability of the droplet. Hence, when the paper strip is placed on top of the
droplet, the ability of the blood to wick down the strip is impeded. Because the test utilises pre-mixing, it
means that the ratio of blood:thrombin solution in the mixed droplet can be changed. A lower ratio
effectively means the blood is pre-diluted. When this occurs, the effect of interfering substances in the
blood can be minimised. This includes haematocrit and thrombin inhibitors.

Additionally, this thesis also describes a test that can measure prothrombin time (PT). PT relates to the
time required for a clot to form after blood clotting has been induced. It measures the activity of enzymes
involved in the tissue factor (or extrinsic) pathway of clotting (28). The test is an adaptation of the third
test. However, instead of using thrombin as the reagent, it uses tissue factor instead (to initiate the
extrinsic pathway). As the test can clearly tell when a clot has formed, it can distinguish wherever the
blood droplet has above or below biomedically relevant PTs. Therefore, the test can perform a variety of
services. This includes, informing whether a patient may need a liver transplant or if a patient on
anticoagulant medication needs to adjust their dose.

These novel paper diagnostics are inexpensive, easy to use, robust and sensitive. They can minimise the
time needed before FRT is administered amongst other applications. Hence, they can optimise survival
and save well over 20 million lives per year.

10
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Introduction

Fibrinogen is central to the process of blood clotting. It is a large protein that forms the building blocks
needed to create blood clots. In its inactive state, fibrinogen is present in the blood as a monomer.
However, when the vascular endothelium is disrupted and bleeding is induced, fibrinogen self-
polymerises into a sticky protein network. It then adheres across the site of the broken blood vessel and
forms the backbone of the clot to stop further bleeding (29). Fibrinogen in healthy non-
pregnant adults is present in the plasma at concentrations of 2-4g/L (1, 2). However, in many
coagulopathies, fibrinogen can drop significantly below these levels. This can exacerbate major
haemorrhage and even cause death (15-17).

Fibrinogen plays a critical role in maintaining haemostasis during major haemorrhage (16, 30). It has only
been known since 1995 that fibrinogen is usually one of the first coagulation factors to fall to critically low
levels in the blood during many coagulopathies (31). Haemorrhagic patients that present with
hypofibrinogenemia are at a significantly greater risk of massive transfusion requirements and mortality
(10, 11). European guidelines state that fibrinogen replacement therapy (FRT) should be implemented
when plasma fibrinogen levels fall below 1.5-2 g/L (14). Whilst the topic remains controversial, there is
ongoing evidence to show the early detection of hypofibrinogenemia and FRT can improve outcomes in
haemorrhagic patients (15-17).

The main clinical assays currently used to detect hypofibrinogenemia contain difficulties. The Clauss
assays are the most common standard laboratory technique for quantifying fibrinogen concentration.
They do so by taking a plasma sample, adding thrombin and measuring the time taken for fibrin formation
to occur. Longer times correlate to lower fibrinogen concentrations (20). Likewise, viscoelastic
haemostatic assays (VHAs) have risen in popularity in the last 20 years. This is due to their ability to
quantify numerous clotting factors in whole blood per assay. VHAs measure fibrinogen concentration
through the change in viscoelasticity when fibrin is formed (21). However, both assays require well
controlled, sensitive and expensive instruments which cannot be transported to the patient. As the
patient must be transported to the equipment, the assays consume critical time before FRT can be
administered (22).

Currently, there is no rapid, cheap, portable, and easy to use hand-held blood fibrinogen concentration
diagnostic that can be used for rapid, point of care (PoC) hypofibrinogenemia testing.

The use of paper in diagnostics has become pronounced in the last two decades. Paper is a cheap and
lightweight material that can facilitate the rapid movement of biological samples (due to its network of
capillaries) and biochemical reactions. Paper diagnostics have been successfully developed for detecting
antigens, measuring enzymatic activity and blood typing (23-27). Therefore, paper has the potential to be
a suitable medium for detecting hypofibrinogenemia in PoC setting.

This thesis develops a series of novel paper-based fibrinogen diagnostics - to facilitate rapid PoC testing
for hypofibrinogenemia.

The first chapter reviews the available methods of diagnosing early hypofibrinogenemia. In the first part,
the biochemistry of fibrinogen is summarised to provide a fundamental understanding of the science
behind fibrinogen concentration assays. In the second part, these assays are discussed. In the third part,
more advanced concepts and recent point of care diagnostics are presented.

The second chapter explores a test that utilises a vertical wicking setup. It initially investigates the
mechanism of the test. It then aims to quantify the effect of varying several controlling parameters on the
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sensitivity of the test. The parameters that are analysed include: the paper conditions, the concentrations
of reagents used as well as the reaction and elution times. This chapter also measures the effect of non-
specific blood proteins on the test.

The third chapter investigates a hand-held test that works with blood plasma. It explores the effect that
different human plasma samples have on the test - to conclude whether the test varies between healthy
individuals. It compares the performance of the test to a hospital-grade Clauss assay. Finally, it explores
the effect of common blood abnormalities and weather conditions. This includes the effects of acidosis,
alcohol, heparin, warfarin, haemolysis and dietary lipids as well as surrounding temperatures and
humidities.

The fourth chapter develops a hand-held test that functions with whole blood. It initially investigates the
conditions needed for the test to work properly. It then observes the effect of blood dilution. This is to
determine whether dilution can improve the sensitivity of the test and minimise the effect of inhibitors
found in blood. It also provides insight on the mechanism behind the test. Additionally, this chapter
demonstrates a hand-held prototype of the diagnostic applicable for PoC testing.

Finally, the fifth chapter converts the whole blood diagnostic into one that measures prothrombin time
(PT). It first proves the concept - using blood samples with different PTs. Afterwards, it analyses if the
diagnostic can be used for liver disease detection and anticoagulant monitoring. Lastly, because the test
may be used in developing nations with minimal temperature regulation, it also observes the effect of
temperature.

These novel paper diagnostics are inexpensive, easy to use, robust and sensitive. They can minimise the
time needed before FRT is administered amongst other clotting-based health issues. Hence, they can
optimise survival and save well over 20 million lives per year.
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Abstract

Fibrinogen is one of the first factors to fall to critically low levels in the blood in many coagulopathic events.
Patients with hypofibrinogenemia are at a significantly greater risk of major haemorrhage and death. The
rapid replacement of fibrinogen early on in hypofibrinogenemia may significantly improve outcomes for
patients. Fibrinogen is present at concentrations between 2 and 4 g/L in the plasma of healthy people.
However, hypofibrinogenemia is diagnosed when the fibrinogen level drops below 1.5-2 g/L. This review
analyses different types of fibrinogen assays that can be used for diagnosing hypofibrinogenemia. The
scientific mechanisms and limitations behind these tests are then presented. Additionally, the current
state of clinical major haemorrhage protocols (MHPs) is presented and the structure, function and
physiological role of fibrinogen is summarised.
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1. Introduction

Fibrinogen is central in the process of blood clotting. It is a large protein that forms the building blocks
needed to create blood clots. In its inactive state, Fibrinogen is present in the blood as a monomer.
However, when the vascular endothelium is disrupted and bleeding is induced, fibrinogen self-
polymerises into a sticky protein network. It then adheres across the site of the broken blood vessel and
forms the backbone of the clot to stop further bleeding (29). Fibrinogen in healthy non-
pregnant adults is present in the plasma at concentrations of 2-4 g/L (1, 2). However, in many
coagulopathies, fibrinogen can drop significantly below these levels. This can lead to major haemorrhage
and even death. Whilst the topic remains controversial, there is ongoing evidence to show the early
detection of hypofibrinogenemia and replenishment of fibrinogen levels can improve outcomes in
haemorrhagic patients (15-17).

Coagulopathy is a major clinical issue. It is characterised by tissue injury and low tissue perfusion. This
results in coagulation factor (CF) depletion, platelet dysfunction, hypocoagulation and hyperfibrinolysis
(32, 33). Furthermore, it has been shown that acidosis, hypocalcaemia and hypothermia can all exacerbate
the effects of coagulopathy even further (34). Not only can coagulopathy lead to the onset of major
haemorrhage, but it can also compound and exacerbate existing haemorrhage — thus worsening the
outcome of patients. Hypofibrinogenemia is present in coagulopathies such as those in trauma, post-
partum haemorrhage, gastrointestinal bleeding, cardiac surgery, general surgery and liver transplant
patients (35-39).

Fibrinogen plays a critical role in maintaining haemostasis during major haemorrhage (16, 30). It has only
been known since 1995 that fibrinogen is usually one of the first CFs to fall to critically low levels in the
blood during many coagulopathies (31). Haemorrhagic patients that present with hypofibrinogenemia are
at a significantly greater risk of massive transfusion requirements and mortality (10, 11). Raza et al. and
Davenport et al. reported that low fibrinogen concentrations can impair the formation of clots (12, 13).
European guidelines state that fibrinogen replacement therapy should be implemented when plasma
fibrinogen levels fall below 1.5-2 g/L (14).

This review aims to analyse the available methods of diagnosing early hypofibrinogenemia. In the first
part, the biochemistry of fibrinogen is summarised to provide a fundamental understanding of the science
behind fibrinogen concentration assays. In the second part, these assays are discussed. In the third part,
more advanced concepts and recent point of care diagnostics are presented. We hope this review will
give an overview of the current state of early hypofibrinogenemia diagnostics.
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2. Biochemistry of Fibrinogen

2.1. Fibrinogen Structure
Fibrinogen is a dimeric 340 kDa glycoprotein that is synthesised in the liver and circulates in the blood at
concentrations of 2—4 g/L (1, 2). Each fibrinogen molecule consists of multiple polypeptide chains that are
linked together through disulfide bridges and coiled-coil segments. This causes them to span 47.5 nm in
length and 6.5 nm in diameter in a rod-like shape (40).

Fibrinogen is composed of two sets of Aa, BB and Y polypeptide chains arranged dimerically. Each chain
is 610, 461 and 411 amino acids in length, respectively (41). Half-molecules of fibrinogen are formed
through 24 disulfide bonds between parallel Aa, BB and Y chains. Full molecules are formed through 5
disulfide bonds between the N-termini of antiparallel Aa, BB and Y chains in each half molecule (41-43).
This is shown in Figure 1.

,—J B chain B chain l\\

N-terminal /
1

LS

C-terminal

Disulphide
knot

Aa chain Aa chain
Figure 1: Fibrinogen is composed of 2 half molecules of Aa, BB and Y chains. 24 disulfide bonds and coiled coil segments hold each half
molecule together. The full molecule is formed when 2 half molecules are held together by 5 disulfide bonds between the N-termini of
antiparallel Aa, BB and Y chains. Reproduced from: Neutralization of AntiCitrullinated Protein Antibodies in Rheumatoid Arthritis - A Way
to Go? (44). Adapted: 03/10/2017.

One molecule of fibrinogen consists of 5 domains: a central E domain and two distal D domains and an
outer aC-domain. The E domain consists of a 5 nm diameter node that incorporates the N-Termini of all
Aa, BB and Y chains. The D domains consist of 6.5 nm diameter nodes that incorporates part of the Aa
chain as well as parallel C-termini of BB and Y chains (40, 41). The aC-domains consist exclusively of the
C-termini of the Aa chain (45). The E domain and D domains are separated by 16 nm long, 1.5 nm thick
coiled-coil triple helix segments in each half-molecule (40, 46, 47). This is illustrated in Figure 2.
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Figure 2: The fibrinogen molecule consists of 5 domains: a central E domain and two distal D domains and an outer aC-domain. Coiled
coil segments separate the E and D domains. Copied with permission from: Fibrinogen: a journey into biotechnology (48). Adapted:
24/06/2019.

The isoelectric point of fibrinogen is 5.8 (47). This means that in healthy plasma (which has a pH of
approximately 7.4), fibrinogen has a net negative surface charge. However, because the aC-domain is
heavily composed of positively charged amino acids, this domain is able to maintain a positive surface
charge in healthy plasma (49).

Additionally, there is an alternative version of the Y chain known as the Y’ chain incorporated into some
molecules of fibrinogen. Whilst the C-termini of the Y-chain ends with a 4 amino acid long sequence from
residue position 408, the Y’ chain instead replaces it with a 20 amino acid long sequence (50). The unique
amino acid sequence features sulfated tyrosine residues as well as several negatively charged residues.
This allows the Y’-chain to bind to the proteolytic enzymes: thrombin and Factor XIII (FXIII) (51).

Because the liver produces 2 different forms of the Y-chain, fibrinogen is usually present in the body as 2
variations of the molecule: Fibrinogen 1 and Fibrinogen 2. Fibrinogen 1 is homodimeric and contains a Y-
chain/Y-chain combination. On the other hand, Fibrinogen 2 is heterodimeric and contains a Y-chain/Y’-
chain combination (52-54). Because Y’-chains are expressed at much lower levels than Y-chains,
Fibrinogen 2 generally makes up only 8-15% of all fibrinogen molecules in the body (55).

The expression of Aa and BB-chains is regulated through housekeeping mechanisms to maintain constant
fibrinogen concentrations in the body (56). However, the relative expression of Y-chains and Y’-chains in
the body is controlled by induced response mechanisms (57). Anti-inflammatory and anti-thrombotic
responses are able to up-regulate the expression of the Y’-chain (58). Thus, this increases the ratio of
Fibrinogen 2 to Fibrinogen 1 circulating in the body.

Overall fibrinogen is a large, bilateral protein with different surface charges at different loci. This means
that: a) it has many epitopes for antibodies to bind to and b) it precipitates earlier than other blood
proteins when heated/salted out. Hence, these have formed the assaying principle behind antigenic and
precipitation-based assays, respectively (see Section 4.2 for more information).
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2.2. Fibrinogen Function
Whilst fibrinogen has several functions in the body, its main one is to prevent blood loss upon vessel
damage. Fibrinogen is the effector protein for a couple of haemostatic processes. These include the
formation of hard fibrin clots and the aggregation of platelets into the clot network (4). The process is
summarised below in Table 1.

Table 1: Summary of the function of fibrinogen

Function Process

1. Blood Vessel Injury — Contact activation (or Intrinsic) and Tissue Factor (or
Extrinsic) Pathway activated.

Clot Formation 2. Blood enzymes thrombin and actor Xllla activated.

3. Thrombin converts fibrinogen into fibrin monomers.

4. Fibrin monomers self-associate — to form soft fibrin clot.

5. Factor Xllla creates covalent bonds between fibrin monomers — to form hard
fibrin clot.

1. Platelets bind to exposed collagen and Von Willebrand Factor (VWF) from vessel
rupture.

Platelet Aggregation | 2. Platelets secrete over 300 substances that activates nearby platelets.

3. Activated platelets change shape and dimerise their GPllb/llla receptors.

4. Fibrinogen binds to GPIIb/llla receptors — aggregating platelets.

5. Hard fibrin clot binds to aggregated platelets incorporating them into a clot.

2.2.1. Clot Formation

Hard fibrin clots are formed when the blood enzyme - thrombin - converts fibrinogen into fibrin fibrils (4).
In normal physiological conditions, thrombin circulates the blood in its inactive precursor form (pro-
thrombin). However, when blood vessel damage occurs, 2 different coagulation mechanisms are activated:
the tissue factor (or extrinsic) and contact activation (or intrinsic) pathway. The extrinsic pathway is
activated when blood is exposed to the tissue that surrounds the site of blood vessel damage. The cells of
these tissues express a protease receptor called tissue factor (TF) (28). This receptor can activate one
cascade of plasma proteins to induce coagulation. The plasma proteins can either be activated on the
surface of blood cells (such as platelets) or in the bloodstream (as unbound molecules). On the other hand,
the intrinsic pathway is activated when the vessel rupture itself exposes the collagen embedded in the
endothelial layer. The collagen then activates another set of coagulation-inducing plasma proteins (59).
Regardless of which pathway is activated, the same outcome is achieved: a rapid and efficacious
conversion pro-thrombin to thrombin.

Once thrombin is formed, it cleaves 2key peptides off the E domain of fibrinogen molecules:
Fibrinopeptide A (FPA) and Fibrinopeptide B (FPB) (4). This forms fibrin monomers. FPA is located on the
N-terminus of the Aa-chain of fibrinogen (60). Once FPA is cleaved, it reveals a polymerization site on each
monomer (called Ea). Ea is then able to interact with a neighboring fibrin monomer. It does so via the
neighboring molecule’s binding pocket located in the D domain of the Y chain (called Da) (61). FPB on the
other hand is located on the N-terminus of the BB-chain of fibrinogen. Once cleaved, it reveals a different
polymerization site on each monomer (called Eg) which binds to the D domain of BB chains in neighboring
monomers (called Db) (62, 63). Additionally, the cleavage of FPB breaks the covalent tethering between
the aC-domain and the E-domain. This allows the aC-domains from neighboring monomers to interact
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with each other (64, 65). All 3 thrombin-induced interactions allow fibrin monomers to be arranged into
motifs of double stranded fibrils capable of branching. This creates a clot structure which is soft (3).

Additionally, thrombin can activate another blood enzyme: Factor XlII (FXIII) by cleaving it and converting
it to FXllla (66). FXIlla introduces covalent bonds in-between neighboring fibrin monomers of the soft clot.
It achieves this by cross-linking specific amino acid residues between adjacent Y-Y and Y-Aa chains
throughout the Ea-Da interaction site (5, 7). This stabilises the soft clot into a hard clot (8, 9). To further
maintain the stability of the hard clot, FXllla can also catalyse the formation of crosslinks between fibrin
and antifibrinolytic proteins (67-69). Once the hard clot is properly formed, it behaves as a scaffold
capable of binding to red blood cells (RBCs), endothelial cells and platelets (4). This allows the vessel
damage site to be blocked thus preventing further blood loss. A graphical summary on the polymerization
of fibrinogen is provided in Figure 3.

Unlike the Y-chain, the Y’-chain contains a high affinity thrombin and FXIlI binding site in its C-terminus
(70-73). Therefore, Fibrinogen 2 can sequester both enzymes significantly better than Fibrinogen 1. Not
only can Fibrinogen 2 serve as the carrier for these enzymes around the blood, but it can also regulate
their activity. Siebenlist et al. demonstrated that FXllla crosslinks Fibrinogen 1 3.5 times faster than
Fibrinogen 2 (74). Accordingly, Omarova et al. showed that Fibrinogen 2 reduces thrombin generation
when compared to the Fibrinogen 1 (75). Due to the perturbing effects that Fibrinogen 2 has on thrombin
and FXIII, it causes hard clots to have unique morphologies. Clots with higher compositions of Fibrinogen
2 generally contain smaller volumes, thinner fibres and more branching (53, 76).

The overall conversion of fibrinogen into fibrin clots makes blood significantly more viscoelastic,
hydrophobic and opaque. These physical changes have formed the basis of many assaying principles to
diagnose fibrinogen concentration (see Section 4.1 and Section 5 for more information). Assays that rely
on these principles add external sources of tissue factor, thrombin and FXllla to cause the clotting of
patient plasma samples. Furthermore, these assays can account for increases and decreases in Fibrinogen
2 (and other fibrinogen molecules with lower clotting activity) so that the concentration of functional
fibrinogen in a patient can be determined.
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Figure 3: Thrombin cleaves Fibrinopeptides A and B in the E domain of fibrinogen to form sticky fibrin monomers. The fibrin monomers
then associate through secondary bonds with other neighboring monomers forming E:D domain interactions to form a soft clot. Finally,
Factor Xllla (FXIlla) introduces covalent bonds within the E:D domain interactions converting the soft clot into a hard clot (29). Reproduced
from: PDQ Biochemistry, Volume 1. Adapted 11/10/2017.
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2.2.2. Platelet Aggregation
Platelet aggregation occurs without requiring the conversion of fibrinogen to fibrin. Platelets normally
circulate in an inactivated state. However, when vessel rupture occurs, platelets bind to the exposed
collagen and Von Willebrand Factor (VWF) (from the endothelial layer) resulting in their activation (77).
They then proceed to secrete over 300 substances that facilitates the surface-activation of activate other
platelets nearby the site of damage (78).

The main event that occurs upon platelet activation is the calcium-dependent association of the cell
surface glycoprotein (GP) receptors: GPllb and GPllla with each other. When one of these GPs associates
with the other, the activated complex: GPlIb/llla is formed (79, 80). GPllb/llla is capable of binding to the
Y chain of fibrinogen (81). Due to the bilateral nature of fibrinogen, one fibrinogen molecule is capable of
binding to 2 individual GPlIb/lIlla receptors. Therefore, this allows activated platelets to aggregate in the
presence of fibrinogen (82, 83).

The activation of platelets also causes them to change morphology from a flat disc, to an amorphous
structure with extensions. This provides an increased membrane surface area so that the platelets can
aggregate more efficiently and form a firmer network (84).

The resulting interactions between activated platelets and collagen/VWF/fibrinogen allow a strong
platelet plug to be formed at the vessel rupture site (85, 86). Not only is the plug capable of mending the
damage to the site, but it is also able to act as a platform for the hard clot to bind onto. This ensures that
blood loss is averted at the site of blood vessel damage. An overall schematic of the formation of a platelet
plug is illustrated in Figure 4.

Blood -
"_»
Fibrinogen *
Platelets O
Endothelium
X KRR R IR K
L1E
Initiation Propagation Stabilisation
. Binding of platelets to collagen Recriutment of platelets and Platelet- platel et interaction
Tissue TF dependant initiation of fibrinogen
cosgulation Fibrn formation Fibrin deposition

Figure 4: When vessel rupture occurs, exposed tissue factor and collagen initiates the extrinsic and intrinsic pathways of coagulation
resulting in the formation of a hard clot. Additionally, platelets can bind to the exposed collagen and Von Willebrand Factor to become
activated. They then secrete over 300 substances that activate and recruit near-by platelets. This causes the platelets to undergo
fibrinogen-induced aggregation of which a platelet plug forms. The platelet plug serves as a scaffold for the hard clot to bind onto thus
blocking off the site of vessel damage. Reproduced from: Role of the Extrinsic Pathway of Blood Coagulation in Hemostasis and
Thrombosis (87). Adapted: 11/10/2017.

Brinkhous et al. identified that platelet aggregation occurs if sufficient fibrinogen is present in plasma (88).
Therefore, the use of reagent platelets may be a diagnostic tool for measuring hypofibrinogenemia.

25



O 00N O Ul B WN -

=
o

[EEY
[

[
N

However, at the same time, platelets found in the blood samples of patients are problematic during
fibrinogen assays. This is because these platelets can interact with the fibrinogen present and modify its
physical properties. Depending on the platelet activity of a particular blood sample, this in turn may alter
the measured fibrinogen concentration. Therefore, fibrinogen assays must nullify the effect of these
platelets to obtain accurate results. This is done by 1) centrifuging and collecting the platelet-free plasma
fraction in whole blood before assaying (see Section 4.1) or 2) using platelet inhibitors in whole blood
during assaying (see Section 5).

Additionally, activated platelets can also facilitate coagulation protein activation on their surface.
Therefore, the processes of clot formation and platelet aggregation are not mutually exclusive (82, 83).
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3. Diagnostics Used in Clinic

Clinically, plasma fibrinogen concentrations are determined through standard laboratory techniques (SLTs)
and viscoelastic haemostatic assays (VHAs). Section 6 provides a clinical overview. The unique structure
and function of fibrinogen (see Section 2) gives rise to many assays that quantifies concentrations through
different mechanisms. Table 2 summarises the main assays in clinical use, their concept and their

limitations.
Table 2: Summary of commonly used clinical assays for measuring fibrinogen concentration.
Tests with Measurement
Assay (+ Activating Concept that implies Limitations
reagent) low fibrinogen
-Other blood
substances can also
affect thrombin
Thrombin clots plasma. kinetics
Plasma 1 clotting time

Clauss Assay

(+ thrombin)

Fibrinogen
concentration alters
thrombin kinetics.

-Heavy plasma
dilution needed

-Time consuming

-Many steps required

Tissue Factor (TF)
initiates clotting.

-Time consuming

Prothrombin Plasma | opacity of clot | -Overestimates
Time Assay (+TF) Clotting alters plasma fibrinogen
opacity. concentration
Fibrinogen precipitates -Time consuming
earlier than other blood
Precipitation Plasma proteins (due to | opacity of -Affected by other
Type Assays (+ heat or structure). precipitate blood parameters.
salts)
Precipitation alters -Precipitates other
plasma opacity. blood proteins.
-Many steps required
Antibodies bind to
epitopes on fibrinogen. -Extremely time
Plasma | precipitation | consuming.

Immunological

(+ antibodies)

Binding is measured

| colorimetric

Type Assays through precipitation or labelling -Affected by fibrin
colorimetric assays. degradation
products.
Viscoelastic Whole Blood TF initiates clotting. -Platelet inhibitors
Haemostatic (+ TF and | viscoelasticity | imperfect
Assays platelet Clotting alters blood of clot
inhibitors) viscoelasticity. -Extremely Expensive
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4. Standard Laboratory Testing
There are more than 60 Standard Laboratory Tests (SLTs) procedures available that can determine patient
plasma fibrinogen concentration (89).

Fibrinogen Concentration SLTs can be divided into 2 main assay types: functional assays (FAs) and
antigenic assays (AAs). FAs measure the concentration of plasma fibrinogen that is clottable via the
conversion fibrinogen into fibrin. The most clinically common of these includes the Clauss assays and
prothrombin time (PT) derived fibrinogen assays. Whereas, antigenic assays (AAs) measure the total
plasma fibrinogen without converting fibrinogen into fibrin. AAs consist of tests such as immunological
and precipitation based assays (20). Due to the many fibrinogen assays that exist, this section will only
review the ones in common clinical use. This analysis includes the concept and shortcomings behind each
one.

4.1. Functional Assays
Functional assays (FA) have remained popular since the 1950 due to fibrin’s unique properties (90-93).
When compared to uncoagulated plasma, Fibrin is significantly more hydrophobic, viscoelastic and
opaque (94-96). All FAs attempt to exploit and measure the change in at least one of these properties to
determine the plasma fibrinogen concentration.

Ratnoff and Menzie et al. pioneered FAs by measuring the total quantity of plasma protein that is clottable.
These assays involve adding thrombin into plasma samples, centrifuging off the fibrin clot, washing them
and dissolving them in urea for spectrophotometric analysis (90). Whilst clottable protein assays can
produce accurate results, the steps required are very laborious, time consuming and prone to human
error. Because of this, Clauss assays have arisen and been preferred in emergency situations for
diagnosing early hypofibrinogenemia.

Clauss et al. noticed an inverse correlation between plasma fibrinogen concentration and fibrin clotting
time when anticoagulated plasma samples become incubated with excessive levels of exogenous
thrombin. This property was exploited to determine the patient plasma fibrinogen concentration (92). In
this test, the patient plasma is collected, diluted in isotonic buffer, heated to 37 °C before thrombin is
added. The time taken for clot formation is then recorded, where longer clotting times correlates with
lower fibrinogen concentrations (20). A visual summary of a Clauss assay is shown in Figure 1. In a study
comparing the Clauss assay to other SLT procedures, Miesbach et al. concluded that the Clauss assay was
the diagnostic tool of choice for measuring low fibrinogen levels. This was due to its significantly greater
accuracy in identifying patients with low plasma fibrinogen concentrations (97). However, despite this
conclusion, utilizing Clauss assays for early hypofibrinogenemia still poses many significant problems.
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Figure 1: Standard Technique of Clauss assays. The Clauss assays cannot diagnose early hypofibrinogenemia fast enough due to the
requirement of multiple and time-consuming steps which require sophisticated laboratory based analytical instrumentation. This
includes an unavoidable 10-15 min pre-centrifugation step to separate blood cells from plasma. Adapted: 08/07/2019.
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First, Clauss assays can only accurately estimate fibrinogen concentration when it has an inversely linear
relationship with the clotting time. Mackie et al. reported that this occurs within a concentration range of
ten to thirty times below normal physiological concentrations of plasma fibrinogen (98). Therefore, all
samples must be heavily diluted in isotonic buffers to be prepared properly. An example of a calibration
curve displaying the dilutions used for measurement is shown in Figure 2. Second, many endogenous
substances already in the plasma can affect the measured clotting time. The World Health Organization
(WHO) reported in 1999 that endogenous thrombin (i.e., thrombin that is already present in the plasma)
can cause fibrin formation even before the start of the assay. Hence, this can increase the measured
clotting time (99). On the other hand, natural thrombin inhibitors can have the opposite effect.
Seifried et al. and Lowe et al. commented that molecules such as heparin, Fibrinogen 2 and fibrin
degradation products (FDPs) can decrease the measured clotting time (100, 101). If plasma samples
contain sizable amounts of these substances, inaccurate readings can occur.

Prothrombin time (PT) derived fibrinogen assays are another FA for measuring fibrinogen concentration.
The primary purpose of a PT assay is to evaluate the tissue factor (or extrinsic) pathway of a plasma sample.
This is achieved by incubating the plasma sample at 37 °C, before adding tissue factor and measuring the
time for clot formation to occur (102). Hence, an elevation in the duration indicates that coagulopathy is
present in the extrinsic pathway. However, whilst running PT assays, Chantarangkul et al. coincidentally
showed that the concentration of fibrinogen can also be correlated to the total change in turbidimetry
(light absorbance) and nephelometry (light scattering) of the formed clot (103). An illustration showing
how these properties are measured is given in Figure 3. PT assays are highly favored by clinics for
measuring fibrinogen concentration because the result comes at no extra cost to determining the extrinsic
pathway functionality (20, 97).
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Despite the economic advantages of PT assays, their ability to detect hypofibrinogenemia is very poor.
Many studies comparing PT assays to other FAs have consistently found that PT assays produce
significantly higher fibrinogen concentration measurements (97, 104-108). Furthermore, Mackie et al.
found that this discrepancy becomes especially pronounced when fibrinogen concentrations drop below
1g/L. He believed that the discrepancy is due to the fact that PT assays falsely measure FDPs and non-
functional fibrinogen (98). Because PT assays can misdiagnose hypofibrinogenemic plasma samples as
having normal fibrinogen concentrations, they can delay hypofibrinogenemic patients from receiving
fibrinogen replacement therapy.

Recently however, PT assays have been recommended to measure total fibrinogen concentration instead.
Miesbach et al. concluded that PT-derived fibrinogen assays estimate the fibrinogen concentration to be
similar to fibrinogen antigenic assays (97). Whilst, Xiang et al. had found suitability in using PT assays in
diagnosing dysfibrinogenemia (see Section 4.2 for more information) (109).
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Figure 2: Turbidimetric and nephelometric assays. In these assays, fibrinogen is selectively precipitated in a plasma sample by: a) heating,
b) salting out, c) adding antibodies or d) inducing coagulation. Then, a beam of incident light is passed through the sample. As
precipitation occurs, the amount of light that transmits through decreases and the angle at which light scatters through increases. These
types of assays are highly sensitive to changes in pH, viscosity and FDPs. Hence, they are poor at diagnosing hypofibrinogenemia. Copied
with permission from: Adsorption of cationic copolymer nanospheres onto cotton fibers investigated by a facile nephelometry
(110). Adapted: 05/01/2018.
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4.2. Antigenic Assays
Because antigenic assays (AA) do not measure the functionality of a patient’s fibrinogen, these are
generally used as secondary assays to functional assays (FA). Whilst AAs in major haemorrhage protocols
(MHPs) can be used to diagnose patient fibrinogen concentrations on their own, these are mainly
implemented complementary to FAs to determine the ratio of functional fibrinogen to total fibrinogen in
patients. Hence, this can clarify if they suffer from hypofibrinogenemia or dysfibrinogenemia (111, 112).
AAs broadly fall into 2 categories: precipitation and immunological type assays.

Precipitation assays are formed on the principle that fibrinogen has the lowest solubility of all plasma
proteins. This is due to its large, symmetrical structure (see Section 2.1 for more information).
Fredericq et al. noticed that fibrinogen precipitates at a temperature (i.e., 56 °C) much lower than other
proteins (i.e., 75°C) (113). Since then, heat precipitation assays have been created around this
phenomenon (114-122). These assays heat plasma samples at 56 °C for several minutes to suspend out
the fibrinogen. Traditionally, the fibrinogen concentration was then determined by centrifuging the
plasma and quantifying the precipitate through gravimetric or volumetric analysis (114-119). However,
because of the labour involved in isolating the precipitate for analysis, modern assays estimate the
fibrinogen concentration by using turbidimetry and nephelometry to compare the plasma before and
after heating instead (120-122). An illustration of how turbidimetry and nephelometry are measured is
provided in Figure 3. Due to the requirement of heating equipment, chemical precipitation assays have
also been developed to simplify the assay. Parfentjev et al. created an assay that correlates the plasma
fibrinogen concentration to the resulting turbidity when plasma samples become precipitated with 12%
ammonium sulfate (123). Since then, newer chemical precipitation assays have been developed which
use sodium sulfite and glycerol as the precipitant instead (124, 125).

90° scattered light

oetector

Yo 774 ¢
Incident light @ = |Transmitted light

Figure 3: Turbidimetric and nephelometric assays. In these assays, fibrinogen is selectively precipitated in a plasma sample by: a) heating,
b) salting out, c) adding antibodies or d) inducing coagulation. Then, a beam of incident light is passed through the sample. As
precipitation occurs, the amount of light that transmits through decreases and the angle at which light scatters through increases. These
types of assays are highly sensitive to changes in pH, viscosity and FDPs. Hence, they are poor at diagnosing hypofibrinogenemia. Copied
with permission from: Adsorption of cationic copolymer nanospheres onto cotton fibers investigated by a facile nephelometry (126).
Adapted: 17/01/2018.

Whilst precipitation assays can be rapid (provided they do not require sample preparation or manual
analysis), these perform poorly at differentiating between low and normal plasma fibrinogen
concentrations (127-131). Furthermore, Dintenfass et al. and Desvignes et al. noticed that factors such as
cryoglobulins, high plasma viscosity, fibrin degradation products (FDPs) and pH variations can all greatly
perturb the accuracy of heat precipitation assays (121, 132). Finally, Grannis et al. concluded that
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chemical precipitation assays incompletely precipitate fibrinogen and partially precipitate other plasma
proteins (133). For these reasons, precipitation assays are avoided in diagnosing early hypofibrinogenemia.

Immunological assays utilise anti-fibrinogen antibodies to measure plasma fibrinogen concentrations.
Ouchterlony et al. in 1949 first demonstrated that antibodies and antigens can diffuse through agar gels
and form visible white immunoprecipitates when they reach each other (134). Eventually, Mancini et al.
modified this procedure to quantify the concentration of antigen present in a solution. By pre-embeding
antibodies in agar gels, cutting holes in it, adding antigen and observing the formation of precipitin rings
around the hole, she concluded that the size of the rings are proportional to the antigen concentration
added to each hole (135). This This procedure would eventually become known as a radial
immunodiffusion (RID) assay. Finally, Brittin et al. illustrated that RID assays are suitable for quantifying
plasma fibrinogen concentration when he concluded that they have accurate correlations when compared
to Clauss assays (136). One major problem with using RID assays to determine fibrinogen concentrations,
is that they require 48 h (121, 135). Because of this, alternative immunological assays have been
developed to diagnose plasma fibrinogen concentrations more rapidly. These include
immunonephelometry assays, immunoelectrophoresis assays, enzyme linked immunosorbent assays
(ELISAs) (137-139).

Despite the improvements to newer immunological assays, some still require significant amounts of time.
Mackie et al. reported that ELISAs and immunoelectrophoretic assays take “many hours to perform” (20).
This is far too long to diagnose early hypofibrinogenemia. Other immunoassays such as
immunonephelometry are also extremely sensitive to FDPs. Hoffman et al. and Jeli¢-lvanoic et al. both
found that the presence of FDPs in plasma cause the fibrinogen concentration to be over-estimated in
immunonephelometry (140, 141). This can be detrimental toward differentiating between low and normal
levels of fibrinogen. Therefore, immunological assays provide significant issues when diagnosing early
hypofibrinogenemia.

4.3, Standard Laboratory Tests (SLT) Overview

All standard laboratory tests (SLTs) require large, expensive and complicated equipment for plasma
fibrinogen concentration analysis. This includes a pre-centrifugation step to retrieve plasma from blood
samples. Furthermore, important variations can arise in the measured parameters each time an SLT is
performed on a source of plasma. This occurs even when the same combination of reagents and
equipment is used. Therefore, most SLTs require serial dilutions of known fibrinogen concentrations to be
simultaneously measured with patient plasma for calibration. An example of this is shown in Figure 2
which illustrates a calibration curve prepared for a Clauss assay. Depending on the nature of the assay,
significantly more time, resources and labour can be required just to prepare these extra samples. Finally,
there can be important differences in the equipment and reagents that each SLT and clinic uses. This can
result in variation with the measured fibrinogen concentration between clinics. For these reasons, these
tests are inadequate for emergency and point of care applications.
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5. Viscoelastic Testing

Because of the criticisms surrounding fixed-ratio transfusions (Section 6)and SLTs, recent major
haemorrhage protocols (MHPs) make use of viscoelastic haemostatic assays (VHAs). The formation of
clots in whole blood samples upon coagulation causes an increase in viscoelasticity. Therefore, VHAs can
qguantify plasma fibrinogen concentration by measuring changes in blood viscoelasticity after clotting.
Hartert et al. first described that viscoelastic (VE) changes in blood occur during fibrin polymerization.
Furthermore, these could be graphically recorded as changes in clot strength (21). However, Kang et al.
first documented the use of VHAs in clinics when he monitored the blood coagulation system of 66
patients during liver transplantation. By doing this, he saved 33% in blood product transfusions (142). A
VE diagnostic consists of a cup and a suspended pin connected to a detector system. An anticoagulated
patient whole blood sample is incubated in the cup at 37 °C and coagulation is induced by the addition of
tissue factor (ie. extrinsic) or contact activation (ie. intrinsic) pathway activators. The cup and the pin are
oscillated relative to each other. As hard fibrin clot formation occurs between the cup and pin, it is picked
up by the detector system and graphed (143, 144). This is illustrated in Figure 4. There are 2 types of VE
diagnostics used in clinics: thromboelastography (TEG®) and thromboelastometry (ROTEM®).
TEG® features a rotating cup in which the fibrin formed attaches to it and transmits movement to the pin
(145). ROTEM® features a rotating pin in which the fibrin formed binds to the cup and impedes pin
movement (146).

Both TEG® and ROTEM® can be used to test many different parameters of the blood. However, this section
will focus on the clinical tests both diagnostics use to measure plasma fibrinogen concentrations as well
as their limitations.

VE DIAGNOSTIC PIN
Collect blood Place blood Incubate blood Rotate_ cup
from patient inside VE at 37°C or pin
diagnostic cup

CHAMBERS HOLDING CUPS cupP

ﬁ BLOOD VE VE INCREASES
MEASURED AS CLOT FORMS

Add clotting
activators and Start Assay
platelet inhibitors

Figure 4: Standard technique for VHA. VHAs can measure the viscoelasticity of blood during clotting to determine plasma fibrinogen

— Allow clot
to form

concentration. However, it is complicated by time delays, very expensive infrastructure and the imperfect efficacy of platelet inhibitors.
Adapted: 10/07/2019.

The clinical tests used by TEG" and ROTEM® to measure plasma fibrinogen concentration are called
functional fibrinogen (FF) and FIBTEM™, respectively (147, 148). Khurana et al. reported that there are
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two factors in blood that contribute to the strength of blood clots in viscoelastic testing: platelets and
fibrin. Therefore, to exclusively measure the fibrin contribution toward clot strength on TEG®, these tests
pre-treat whole blood with the platelet inhibitors: abciximab and cytochalasin D (149). Whilst each
inhibitor inhibits platelets through different mechanisms, they attempt to nullify any contribution of
platelets toward the clot strength. Today, FF routinely uses abciximab whilst FIBTEM™ consistently relies
on cytochalasin D instead (150). Once coagulation is induced, FF and FIBTEM™ can measure the maximum
amplitude (MA) or maximum clot firmness (MCF) of the blood clot, respectively. Both parameters indicate
the maximum hard fibrin clot strength (151). Hence, maximum clot firmness (MCF) directly correlates with
the fibrinogen concentration. An example displaying the graphs produced from FF and FIBTEM is shown
in Figure 5.

TEG analysis

MA
MCF

clot firmness
|

ROTEM analysis

I ]

time

Figure 5: Graphical output of TEG® (above) and ROTEM * (below). Both diagnostics measure clot strength (firmness) over time. Since clot
strength depends on the contribution of both platelets and hard fibrin, both diagnostics require the use of platelet inhibitors to measure
fibrinogen concentration. The tests that measure fibrinogen concentration are called FF and FIBTEM™, respectively. The parameters MA
and MCF are measurements of the maximum clot strength. They directly correlate to plasma fibrinogen concentration in both
tests. Reproduced from: TEG® and ROTEM" in trauma: similar test but different results? (152). Adapted: 12/02/2018.

VHAs have been shown to diagnose hypofibrinogenemia in a timely manner. Huissoid et al. and
Schochl et al. both reported that FIBTEM and FF can achieve a result 5-15 min after taking blood from the
patient (153, 154). Therefore, these tests have been the driving force for many clinics to implement goal
directed MHPs over fixed-ratio or SLT-based MHPs. However, despite this fact, VHAs still have
shortcomings.

First, the efficacy of the platelet inhibitors has come under criticism. In 2004, a study was performed to
quantify the effect of abciximab and cytochalasin D on TEG’. The authors found that when both platelet
inhibitors were used individually, they produced higher MAs than when used in combination (155). Since,
both FIBTEM™ and FF only use one type of inhibitor, these methods can overestimate fibrinogen
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concentrations. Argen et al. found that FF over diagnosed patient plasma fibrinogen concentrations by
1 g/L when compared to Clauss assays (156). The imperfect efficacy of platelet inhibitors renders both
tests problematic for correctly diagnosing hypofibrinogenemia.

Second, the price of VE diagnostics are very high. Whiting et al. calculated that a 4 channel TEG' or
ROTEM® device of 3 year life expectancy with software, connections, printer and trolley costs £20,000
(AUS35,168) or £32,584 (AUS57,285) (157). Furthermore, because fresh cups, pins and other reagents
must be used for each test, operating expenses are also particularly high. Winerals et al. commented that
a set of tests on a 4 channel ROTEM" device costs approximately AUS44 (158). Finally, VE diagnostics
require highly trained specialists to calibrate, troubleshoot, operate, interpret results and conduct
maintenance. Whiting et al. estimated that costs involved in training and maintenance exceeded £2,000
(AUS3,517) per year (157). Therefore, not only do these costs act as major deterrents for some clinics to
transition from fixed-ratio to VHA-guided MHP, they also prohibit clinics in developing countries from
implementing them (159, 160).

Overall, the implementation of VHAs in clinical MHP still remains a controversial topic. VHA-guided MHPs

have not yet demonstrated a survival advantage against SLT-guided MHPs or fixed-ratio MHPs (158, 161-
163).
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6. Clinical Overview of Major Haemorrhage Protocols (MHPs)

Early hypofibrinogenemia diagnostics are used mostly as a part of clinical major haemorrhage protocols
(MHPs). These diagnostics determine whether a haemorrhagic patient requires fibrinogen replacement
therapy (FRT) or not. FRT is commonly implemented by clinics when their fibrinogen levels fall below
1.5g/L to 2 g/L (14). The method of FRT varies between clinics around the world and can be achieved
using fresh frozen plasma, cryoprecipitate or fibrinogen concentrate. Depending on the MHP selected,
some clinics may not use hypofibrinogenemia diagnostics and instead transfuse the patient with either
fresh frozen plasma or cryoprecipitate immediately to “empirically replenish all blood factors at once.”

Major Haemorrhage Protocols (MHPs) are utilised worldwide once a patient with active critical bleeding
is identified. They are used to mitigate the correlated coagulopathy (164). Holcomb et al. demonstrated
that the successful implementation of MHPs improved outcomes (165). However, much controversy lies
between different clinics around the world regarding what an “ideal” MHP might be (166, 167).

Since 2010, many clinics’ MHPs have used fixed volumetric ratios of fresh frozen plasma (FFP),
cryoprecipitate, platelet concentrate (PC) and packed red blood cell (PRBC) transfusions (168). However,
fixed ratio MHPs that use FFPs and cryoprecipitate pose several problems. First, the time needed to thaw
and transfuse both products is long. Stanworth et al. reported a median FFP time delivery time of 68 min
and a median cryoprecipitate delivery time of more than 2 h across UK trauma centres (169). Second,
criticism has arisen as these generic fixed ratio MHPs cannot be tailored to correct individual patients’
coagulopathies (170, 171). Schochl et al. argued that the FFP and cryoprecipitate used in fixed ratio MHPs
is not standardised. Hence, it can leave different patients being unknowingly over or under-transfused
with CFs at random (170). Third, the use of FFP or cryoprecipitate has been reported to have side effects
in patients (170, 172-175). The recent RETIC Trial studied the effects of FFP on reversing trauma induced
coagulopathy. However, it had to be terminated early due to adverse effects in the group treated with
plasma (176). Finally, fixed ratio transfusions in part dilutes fibrinogen to concentrations well below the
threshold levels for clotting (177-179). This has caused prolonged clotting times and significantly increased
massive transfusion requirements. The recent PROPPR study found that the mortality rate of fixed ratio
transfusions varied between 22-26% after 30 days (Figure 6) (180). As there is a strong association
between fixed ratio MHPs and the proportion of deaths that have occurred, alternative MHPs have been
used instead.
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Figure 6 from the Pragmatic, Randomised Optimal Platelet and Plasma Ratios (PROPPR) study which compared the difference in mortality
for 2 different standard fixed ratio transfusions. One group of trauma patients was given a fixed FFP:PC:PRBC ratio of 1:1:1 units and the
other group was given a fixed ratio of 1:1:2 units. The 30 day mortality was between 22-26% in both groups respectively. Reproduced
from: Transfusion of Plasma, Platelets, and Red Blood Cells in a 1:1:1 vs a 1:1:2 Ratio and Mortality in Patients With Severe Trauma: The
PROPPR Randomized Clinical Trial (180). Adapted: 25/09/2017.

Goal-directed MHPs provide more flexibility than fixed ratio MHPs. They diagnose the specific
coagulopathies of haemorrhagic patients and allow directed therapy to correct the specific conditions.
Assays that diagnose coagulopathy have traditionally relied on standard laboratory techniques (SLTs)
(181). These SLTs are generally time consuming and resource intense (182). Given the life-threatening
nature of major haemorrhage, there has been minimal evidence that SLTs provide any survival advantage
in haemorrhagic patients (183-186). However, with the recent advancement of Viscoelastic Haemostatic
Assay (VHA) diagnostics and the increased availability of individual lyophilised CFs, countries around the
world have started using goal directed MHPs instead (187, 188).

Once hypofibrinogenemia has been diagnosed, this condition can be quickly resolved through the use of
fibrinogen concentrate (FC). Whilst FC requires reconstitution prior to admission, Rahe-Meyer et al.
reported that an administration time of 5 min was possible for FC (174). Thus, the combination of VHAs
and FC may improve survival in patients suffering from early hypofibrinogenemia when compared to
fixed ratio MHPs (15, 16).

However, the routine use of VHA diagnostics in emergency departments and “in the field” is still
problematic due the high cost of equipment. Furthermore, “in the field” use of VHA diagnostics still
requires generated electricity and the proper training of key paramedical personnel (160, 189). Therefore,
the ability of VHAs to diagnose early hypofibrinogenemia still has its limitations.

The different types of SLTs used to diagnose hypofibrinogenemia are discussed in Section 4. Likewise, the
specific VHAs use to diagnose hypofibrinogenemia are discussed in Section 5.
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7. Point of Care Diagnostics

Both SLTs and VHAs alike are disadvantaged by their inability to be used outdoors directly at the site of
traumatic injury. Hagemo et al. reported that ROTEM devices could be set up in field hospitals and air
ambulances (190). However, these devices still require electrical and tabletop infrastructure to be
operational.

Trauma induced major haemorrhage alone is the leading cause of mortality for individuals aged 18—39,
contributing over 2 million deaths annually worldwide (174, 191-196). Furthermore, the early depletion
of fibrinogen in trauma is also prevalent. McQuilten et al. identified that 21.2% of major trauma patients
had fibrinogen levels below 2 g/L (197).

The development of portable point of care (POC) diagnostics for measuring early hypofibrinogenemia has
only been recent. The best-known example is the dry hematology method (DRIHEMATO®) (198). This test
method was reported to show nearly identical readings to a Clauss assay. However, it still requires,
complicated infrastructure and electricity to operate.

Recently, we have developed two paper-based diagnostics that can detect hypofibrinogenemia. One
which analyses plasma and another which works with whole blood. The plasma diagnostic is a two-step
procedure: first, plasma is added onto thrombin-treated paper strips where fibrinogen is converted to
fibrin, then the strips are placed into an aqueous dye bath where elution occurs. The test operates by
measuring the change in hydrophobicity — which increases with fibrinogen concentration (199). We have
also engineered this diagnostic into a POC hand-held diagnostic (200). The whole blood diagnostic is also a two-
step procedure: first, a pre-mixed, droplet of whole blood and thrombin is formed on a solid substrate, then a
paper strip is placed on top of the droplet where blood wicking occurs. This test operates by measuring the
change in permeability of the droplet — which decreases with increasing fibrinogen concentration (201).

The field of POC diagnostics for early hypofibrinogenemia can potentially revolutionise clinical MHPs for
trauma - by allowing diagnosis to take place “in the field”, at the site of patient retrieval. Therefore, any
further development in this field may improve the outcome of trauma patients.
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8. Overview

Fibrinogen is essential for the process of blood clotting. It is present at plasma concentrations of 2—4 g/L
in healthy non-pregnant adults. In coagulopathic patients, it can fall to critically low levels (<1.5-2 g/L)
and cause haemorrhage and death. Fibrinogen is one of the first blood proteins to fall below critical levels
in many coagulopathies. Therefore, the early detection of hypofibrinogenemia and replenishment may
significantly improve survival outcomes.

Early hypofibrinogenemia has been traditionally diagnosed through standard laboratory tests (SLTs). SLTs
are restricted by the slow and resource intensive steps that need to be carried out. This includes the need
to transport blood samples to a laboratory, pre-separate the plasma from blood cells by centrifugation
and the subsequent assaying steps to measure the fibrinogen concentration of these plasma samples.
Therefore, they have never been commonly implemented in clinical major haemorrhage protocols (MHPs).
However, viscoelastic haemostatic assays (VHAs) — which have emerged in the last 20 years — can work
directly with whole blood. This has seen some clinics use FIBTEM™ and functional fibrinogen to diagnose
early hypofibrinogenemia instead. Overall, neither mode of diagnosis has ever demonstrated a conclusive
survival advantage over fixed-ratio transfusions.

Fibrinogen has a unique structure and function. It is a large and bilateral protein with different surface
charges at different loci. Hence, it can precipitate before other plasma proteins. Furthermore, fibrinogen
can specifically interact with thrombin and factor Xllla to form fibrin clots — and make blood significantly
more viscoelastic, hydrophobic and opaque. The unique structure of fibrinogen and its functional
interactions form the basis of a wide range of methods for measuring its concentrations. This includes the
methods behind recently developed point of care (POC) diagnostics.

POC testing offers an opportunity for the early recognition of hypofibrinogenemia in critical bleeding
settings. POC testing removes requirements of sample transportation and medical laboratory
infrastructure needed for SLTs and VHAs. Therefore, they can be used outdoors in critical situations such
as trauma. This enables medical personnel to diagnose early hypofibrinogenemia at the site of injury so
that fibrinogen replacement therapy (FRT) can be given immediately.
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9. Nomenclature
AA — Antigenic Assay
CF — Coagulation Factor
Ea-Da/Es-Db — Binding interfaces between 2 neighbouring fibrin monomers.
FA - Functional Assay
FC - Fibrinogen Concentrate
FDP — Fibrin Degradation Product
FF - TEG® test that measures fibrinogen concentration
FFP — Fresh Frozen Plasma
Fibrinogen 1 — Fibrinogen molecule containing Y/Y chain combination
Fibrinogen 2 - Fibrinogen molecule containing Y/Y’ chain combination
FIBTEM™ - ROTEM® test that measures fibrinogen concentration
FPA/FPB — Fibrinopeptide A/Fibrinopeptide B
FXI11/FXIlla — Factor 13/Factor 13a
GPlIb/llla — Glycoprotein receptors on platelets that interact with fibrinogen, collagen and Von
Willebrand Factor.
Hypofibrinogenemia — Low Fibrinogen Concentration
MA — Maximum clot strength measurement on TEG®
MCF — Maximum clot strength measurement on ROTEM®
MHP — Major Haemorrhage Protocol
Nephlometry - Light scattering
PC — Platelet Concentrate
PRBC — Packed Red Blood Cells
PROPPR study - Pragmatic, Randomised Optimal Platelet and Plasma Ratios study
PT — Prothrombin Time
RETIC Trial - Reversal of trauma-induced coagulopathy Trial
ROTEM® - Thromboelastometry
SLT - Standard Laboratory Technique
TEG® - Thromboelastography
TF —Tissue Factor
Thrombin — Enzyme that cleaves fibrinogen
Turbidimetry - Light absorbance
VE - Viscoelastic
VHA - Viscoelastic Haemostatic Assay
Y’ chain — Longer variant of the Fibrinogen Y chain
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Chapter 2: Vertical Wicking Lateral Flow Assay
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Abstract

Fibrinogen is a blood protein that is essential for the formation of a stable clot. It is converted into the
polymer fibrin by the blood enzyme thrombin and crosslinked by the blood enzyme factor Xllla. Fibrinogen
is one of the first proteins to be depleted in heavily bleeding patients. Patients with early
hypofibrinogenemia need urgent fibrinogen replenishment to prevent the onset of haemorrhage and
death. However, currently there is no rapid, sensitive, cheap and easy-to-use fibrinogen assay that can
detect fibrinogen concentrations. In this study, we have developed a new paper-based diagnostic to
qguantify the fibrinogen concentration in blood at room temperature. This diagnostic is a 2-step process:
first, plasma is added onto thrombin-treated paper strips where fibrinogen is converted to fibrin; then the
strips are placed into an aqueous dye bath where elution occurs. The test operates by measuring the
change in hydrophobicity, which increases with fibrinogen concentration under otherwise constant
conditions. The diagnostic can precisely measure fibrinogen concentration within the range of 0-2 g/L,
which is ideal for the clinical diagnosis of hypofibrinogenemia. Furthermore, testing needs only 12 uL of
plasma, 60 mU of thrombin and 7.5 mins of testing. This diagnostic has the potential to revolutionise point
of care testing and save many lives.

Paper strips pre-wetted Low fibrinogen Normal fibrinogen
with plasma concentration concentration

4

Infinite reservoir
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1. Introduction

This study aims to develop a rapid and easy to use paper-based diagnostic to measure fibrinogen
concentration in human plasma. Martinez et al. in 2007 first demonstrated that patterned paper was an
inexpensive medium that could wick fluids through internal capillary actions and facilitate colorimetric
biochemical reactions (23). This has influenced the emergence of many paper-based diagnostics for
detecting and quantifying analytes in blood, urine and saliva (24) and for blood typing (25-27). However,
there has been no development of paper-based fibrinogen concentration diagnostics to date.

Fibrinogen is essential in the process of haemostasis. It is a plasma protein that usually circulates between
2-4 g/L in the human body (1, 2). When vessel breakage occurs, the coagulation cascade is activated that
results in the activation of two key blood enzymes: thrombin and factor Xllla (FXllla) (59, 66). Thrombin
converts fibrinogen into fibrin monomers that self-polymerise (3, 4). FXllla then covalently links the
neighbouring fibrin monomers to each other, forming a hard clot network (5-9). This hard clot network
can adhere to the site of breakage where it is capable of entrapping red blood cells and binding to the site
of damage. Hence, this allows complete blockage of the damaged site and hence prevents further blood
loss until the site has healed (1).

Low fibrinogen concentrations are critical in the onset of major haemorrhage. In 1995, Hiippala et al.
reported that fibrinogen is usually the first plasma protein that becomes depleted in haemorrhagic
patients (31). Patients that have early hypofibrinogenemia are at a significantly greater risk of mortality
(10, 11). The implementation of fibrinogen concentrate (FC) into clinical major haemorrhage protocols is
gaining strong interest. In observational studies, the ability to diagnose early hypofibrinogenemia and
treat it rapidly with reconstituted FC strongly increases survival in haemorrhagic patients (15-17).
However, there is no early hypofibrinogenemia assay currently available in clinics that is sufficiently rapid,
sensitive, cheap or easy to use, particularly in cases of critically bleeding patients.

Traditionally, plasma fibrinogen concentrations have been determined through the use of standard
laboratory techniques (SLTs) (181). However, SLTs are all problematic as they involve complex
instrumentation for plasma analysis. Additionally, they require large volumes of plasma (ie. >200 L) to
test with (202). Finally, most SLTs need serial dilutions of known fibrinogen concentrations to be
simultaneously measured with patient plasma for calibration (20, 92, 101). Depending on the assay, this
can require significant time and labour to perform in emergency situations.

Given the life-threatening nature of major haemorrhage and the significant time SLTs require, there has
been minimal evidence that SLTs provide any survival advantage in hypofibrinogenemic patients (183-
186). Hence, clinics have avoided implementing a fibrinogen concentration diagnostic step in their major
haemorrhage protocols. Instead, they have replenished fibrinogen (and all other coagulation proteins) by
transfusing donated fresh frozen plasma (FFP) and cryoprecipitate into patients (168, 180, 203-205).
However, as these products are unstandardised and have not undergone viral inactivation, they have been
criticised as therapeutics due to their iatrogenic effects (including TRALI, TACO and organ failure) (170,
172-175).

The recent advancement of Viscoelastic Haemostatic Assays (VHAs) has allowed clinics to measure
hypofibrinogenemia more easily than SLTs (188). However, VHAs still poses clinical problems. First,
assaying times of 5-15 mins are required before a result is achieved (153, 154). Second, the efficacy of the
required platelet inhibitors are imperfect and may result in overestimation of plasma fibrinogen
concentrations (155, 156). Finally, the devices used to perform VHAs (ie. TEG® or ROTEM®) require very
significant outlay in terms of initial infrastructure requirements and costs (157, 158).
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Likewise, the dry hematology method (DRIHEMATO®) is another emerging method (198). It has shown
nearly identical fibrinogen measurements to a Clauss assay — the most widely used SLT for diagnosing
hypofibrinogenemia in clinics. Furthermore, it can acquire results in a minute. However, it still requires
the use of electricity to operate and complicated infrastructure to acquire fibrinogen readings.

Paper-based diagnostics present a great opportunity to address the many shortcomings associated with
current early hypofibrinogenemia assays.

In this study, we demonstrate a novel concept for measuring fibrinogen concentrations on paper for
diagnostic application. Previously, Li et al. (206). and Guan et al. (207). had developed diagnostics that
could determine clotting time and blood type respectively through lateral flow wicking. This concept
works similarly. By adding fibrinogen and thrombin solutions to paper strips, allowing thrombosis to occur,
placing the strips into an aqueous dye bath and allowing elution to proceed, we show that the distance
the dyed fluid elutes up each strip correlates precisely to the fibrinogen concentration of the solution.
Therefore, this study aims to quantify the effect that varying the controlling parameters has on the
sensitivity of the test. The parameters that are analysed in this study include: the type of paper, the strip
width, the volume of fibrinogen solution added, the individual concentrations of thrombin and FXllla used
as well as the reaction and elution times. Additionally, this study also measures the effect of non-specific
blood proteins on the test to emulate plasma-like conditions.
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2. Materials and Methodology

2.1. Materials

Low density (tissue) and high density (filter) papers were selected to create the paper strips. The filter
paper used was Whatman 41, whereas the tissue papers were produced in the Kimberly Clark
Experimental Forming Unit (EFU), Neenah (WI), USA. Tissues consist of eucalyptus fibres formed with a 3
layer headbox. 10 Kg/T PAE wet strength agent was added to each layer. Tissues were moulded and
thoroughly air-dried. Paper properties are listed in Supplementary Table 3. A 1x1 mm? square steel rod
was cut 35 mm long to hold the paper strips over the elution bath tub. Two elution tanks (13.1 cm tall)
were used as support to position the steel rod over the bath tub. The bath tub consisted of a petri dish
(15.5 cm in diameter and 2.7 cm tall). MilliQ water was used as the bulk fluid of the elution bath. Brilliant
Blue FCF (from Queen Blue Food Colouring) was used as the aqueous dye to colour the elution bath.
Thrombin vials and fibrinogen powder were sourced from Sigma Aldrich. FXllla was purchased from Zedira
GmbH, Darmstadt, Germany. Bovine Serum Albumin (BSA) concentrate was bought from CSL Behring.

For hydrophobicity testing, Menzel Glaser 22 x 22 mm coverslips were used as the substrate. Analytical
grade sodium methoxide solution and cellulose acetate was sourced from Sigma Aldrich. Acetone was
purchased from Ajax Finechem. Methanol was sourced from Merck. All reagents and solvents were used
as supplied without further purification.

2.2. Methodology

2.2.1. Paper Cutting

Low density (tissue) and high density (filter) papers were selected to create the paper strips. The filter
paper used was Whatman 41, whereas the tissue papers were produced in the Kimberly Clark
Experimental Forming Unit (EFU), Neenah (WI1), USA. Tissues consisted of eucalyptus fibres formed with a
3 layer headbox. 10 kg per T PAE wet strength agent was added to each layer. Tissues were moulded and
thoroughly airdried. Paper properties are listed in Table S3. A 1 x 1 mm? square steel bar was cut 35 mm
long to hold the paper strips over the elution bath. Two elution tanks (13.1 cm tall) were used as mounts
to position the steel bar over the elution bath. The elution bath consisted of a Petri dish (15.5 cm in
diameter and 2.7 cm tall) filled with an aqueous dye. MilliQ water was used as the bulk fluid of the elution
bath. Brilliant Blue FCF (from Queen Blue Food Colouring) was used as the aqueous dye to colour the
elution bath. Ponceau 6R (from Queen Red Food Colouring) was used as the aqueous dye to stain cellulose
and fibrin fibres for microscopic imaging. Thrombin vials and fibrinogen powder were sourced from Sigma
Aldrich. FXllla was purchased from Zedira GmbH, Darmstadt, Germany. Plasma (anticoagulated with EDTA)
and serum was sourced from the Australian Red Cross. Bovine Serum Albumin (BSA) concentrate was
bought from CSL Behring. Glycerol was sourced from Astral Scientific. For hydrophobicity testing, Menzel
Glaser 22 x 22 mm coverslips were used as the substrate. Analytical grade sodium methoxide solution and
cellulose acetate was sourced from Sigma Aldrich. Acetone was purchased from Ajax Finechem. Methanol
was sourced from Merck. All reagents and solvents were used as supplied without further purification.

2.2.2.  Fibrinogen Solution Preparation
A 4 g/L fibrinogen solution was prepared by dissolving fibrinogen powder into PBS at 37 °C. First, 90 mg
of fibrinogen was dissolved in 10 mL of PBS. As the powder contained an inconsistent mixture of fibrinogen
and other salts, the fibrinogen concentration had to be determined on a UV-Vis spectrometer (Agilent
Cary 60). The fibrinogen concentration was determined using Beer’s law at 280 nm with a 1 cm cuvette.
An extinction coefficient of 1.51 was used to convert absorbance units to g/L fibrinogen. The fibrinogen

44



v b WN -

O 00 N O

10
11
12

13
14
15
16
17
18

19

20

21

22

23

24

25

solution was adjusted to exactly 4 g/L by measuring its concentration on the UV-Vis spectrometer and
diluting it with the appropriate amount of PBS. From there serial dilutions of 2 g/L, 1 g/L, 0.5 g/L and 0.25
g/L fibrinogen solution were also prepared. All of these solutions were made into small aliquots, snap
frozen in liquid nitrogen and stored at —80 °C until used.

2.2.3. Test Setup
The elution bath was placed in between the 2 mounts. The elution bath was prepared by pouring 250 mL
solution of 0.1% Brilliant Blue FCF in MilliQ water into the Petri dish. A schematic of this is provided in
Figure 7. The thrombin solution was prepared by reconstituting a vial of thrombin with 300 uL of MilliQ
water. This made a vial of 30 NIH units per mLthrombin (these units are simplified to U/mL in this chapter).
However, different thrombin concentrations could be made by reconstituting each vial with different
volumes of MilliQ water.

FXIlla was also used to see if could improve the sensitivity of the test. It was hypothesised to do so because
it could form covalent cross-links between the fibrin monomers and strengthen the fibrin. First, a 60 U/mL
solution of FXllla was prepared by dissolving 150 pL of MilliQ water into a vial of FXllla. Then, serial
dilutions of 30 U/mL, 15 U/ml, 8 U/mL FXIlla were prepared. Afterwards, a 60 U/mL vial of thrombin was
prepared. Finally, equal volumes of thrombin and FXllla solutions were mixed into separate Eppendorf
tubes. This created 30 U/mL thrombin solutions with different FXllla concentrations.
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1 2.2.4. Test Procedure
Magnets

Steel Bar

Paper Strip Cutout
Elution Bath

00 N O U1 W N

9

10 Figure 7: Set up of paper strips. Thrombin solution is applied to the strips followed by fibrinogen solution (a). The strips are placed in the
11 elution bath and allowed to elute. Different fibrinogen concentrations causes the dye to elute at different rates (b).
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A paper strip cut-out was attached perpendicularly to the steel bar with magnets. The steel bar’s bottom
and top edges were positioned 12.5 and 13.5 cm from the bottom of the cut-out respectively. The slits
13.5 cm from the bottom of the cut-out (as shown in Supplementary Figure 1) helped align the steel bar.
The steel bar was placed on the mounts (but not directly over the elution bath) with the cut-out vertically
orientated. This prevented the cut-out from making contact with the table. Thrombin solution was
pipetted near the bottom of each strip (see Supplementary Figure 4 for exact positionings). The fibrinogen
solution was then pipetted 5 mm above each wetting of thrombin solution. As the fibrinogen solution
wicked in both directions, it meant that only half of it could mix with the enzymes. However, it ensured
that: (1) The fibrinogen and thrombin mixed properly with each other, (2) The fibrin barrier formed at the
bottom of each strip. The cut-out was left for 30, 60 or 90 s to react the fibrinogen and thrombin.
Afterwards, the paper strip cut-out was moved into the elution bath. The 0 mm marking of the paper
strips sat level with the dye surface of the elution bath. The fibrin barrier formed at the bottom of each
strip caused elution to be perturbed immediately. The paper strips were eluted for 1, 3, 5, 7 or 10 mins —
times less than and equal to those found in VHAs. Finally, the cut-out was removed from the elution bath
and dried on paper towel. The elution height of each strip was measured by finding the mid-point of each
elution front and rounding to the nearest millimetre. Images of the cut-outs were taken by photocopier
(Epson V370 Photo Scanner). A summary of the procedure is given in Figure 8.

FIBRIN CONC
A0 EHAAE O A HAHAA
1. Paper cut into 2. Thrombin 3. Fibrinogen solution
paper strips. added to strips. added to strips.
FIBRIN CONC FIBRIN CONC FIBRIN CONC

—

4. Fibrinogen solution 6. Paper strips dried.

wicks across strip. 5. Paper strips added to

elution bath. Fibrinogen concentration
Bottom half reacts with _ and elution length
thrombin. Elution occurs. correlated.

Figure 8: Summary of Test Procedure. Paper strips are wetted with the thrombin solution. Then the fibrinogen solution is added where
it wicks across the strips and half of it reacts with the thrombin. Finally, the cut-out is placed into the elution bath where elution occurs.
The elution height up each strip can be correlated to the fibrinogen concentration. Dimensions of the paper strip cut-out used can be
found in Supplementary Figure 1.
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2.2.5.  Coverslip Preparation
Coverslips were prepared to test for hydrophobicity.

Cellulose acetate solution was made by dissolving 0.25% w/v cellulose acetate in acetone. Coverslips were
plasma cleaned (Harrick Plasma Cleaner PDC-002-HP) for 3 mins on one side — to create a smooth, dust-
free surface for accurate measurements. Cellulose acetate was spin-coated (Laurell WS-650-23 Spin
Coater) on the plasma cleaned sides for 20 s at 2000 rpm. Sodium methoxide solution in methanol was
prepared at 0.5% w/v. The cellulose acetate coated slides were immersed into the sodium methoxide bath
for 10 h. This converted the cellulose acetate into a cellulose film. Afterwards, the coverslips were washed
with methanol followed by MilliQ water and were left to dry.

Thrombin solution was made to 10 NIH Units/mL in MilliQ water and a layer was spin-coated on top of
the cellulose film for 20 s at 2000 rpm. Likewise, fibrinogen solution was made to 2 g/L in PBS and a layer
was spin-coated on top of the thrombin layer for 20 s at 2000 rpm. This converted the fibrinogen into
fibrin.

2.2.6. Hydrophobicity Testing
Hydrophobicity testing was completed to decipher the physical mechanism behind how the test works.

Contact angle (Dataphysics OCA35) was used to measure the hydrophobicity of the spin-coated coverslips.
Growing water droplets were created by dripping MilliQ water at a rate of 2 uL/s on top of each coverslip
surface. The dispensing needle was in contact with the growing droplet throughout each recording. The
advancing contact angle of the droplet was used to quantify hydrophobicity, with the general observation
that larger angles corresponded to a more hydrophobic surface.

2.2.7. Viscosity Testing
Viscosity testing was completed to decipher the physical mechanism behind how the test works.

Glycerol:water mixtures of composition 0:100%, 85:15% and 100:0% were made. Their viscosities were
measured in Cannon-Fenske viscometers of Size 200 (~0.1 cSt/s), Size 450 (~2.5 cSt/s) and converted to
centipoise. The glycerol:water mixtures were then added to the paper strips and eluted as per the test
procedure. Full details can be found in Table S1.
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4 Figure 9: Elution of Serum vs Plasma. Both blood products were collected from the Australian Red Cross. Test Conditions can be found
5 in Table S9. Each test was performed in triplicate.
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Figure 9 demonstrated that the elution of plasma samples (which contains fibrinogen) eluted much less
than the serum samples (which does not contain fibrinogen). Therefore, this phenomenon was explored
in further detail. Thrombin and Factor Xllla (FXIlla) were deposited onto paper strips. Then fibrinogen
solution was added where it reacted with the enzyme to form fibrin. Finally, the strips were placed
vertically in a blue dye bath, eluted for a set period of time and dried afterwards. There was a clear and
reproducible correlation between the height that the blue dye eluted up each strip and the concentration
of the fibrinogen solution. Higher fibrinogen concentrations resulted in lower elution heights. This
discovery formed the concept of a sensitive, rapid and reproducible paper diagnostic for quantifying
fibrinogen concentrations in blood. The variables estimated to be important were tested individually and
their impact on the diagnostic’s sensitivity were quantified. The variables investigated included: paper
structure, strip width, fibrinogen solution volume, thrombin concentration, FXllla concentration, reaction
time and elution time, and the results of this testing were discussed in detail below. This analysis
elucidates the controlling mechanisms and optimises the conditions for developing a robust blood-based
diagnostic.

3.1. Mechanism

The effect of fibrinogen, thrombin and fibrin coating on cellulose film hydrophobicity was quantified
(Figure 10a). The film becomes significantly more hydrophobic when it is coated with fibrin. This is the
concept behind the paper diagnostic. The coating of un-polymerised fibrinogen on the cellulose film did
not contribute significantly to the hydrophobicity. The effect of viscosity is also quantified using glycerol-
water mixtures as model solutions (Figure 10b). Viscosities above 100 cP do perturb elution. However, its
exact contribution towards perturbation after fibrin polymerisation is unknown. Additionally, the
potential effect of paper pore blockage (Supplementary Figure 9 and 10) was investigated by microscopy
and surface topography. Paper pore and surface structure was slightly and not affected by fibrin coating,
respectively. Fibrin coating effect on the diagnostic is rated as minimal. Therefore, the diagnostic is driven
predominantly by the increase in hydrophobicity that results from the polymerisation of fibrinogen.
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Figure 10: Effect of hydrophobicity on the different cellulose surfaces (a). The contact angle of water droplets deposited on the spin-
coated coverslips is measured. Effect of glycerol viscosity of elution height (b). Effect of solution viscosity on elution height. Glycerol-
water mixtures are made to different viscosities and tested. Test conditions can be found in Table S1. Each test was performed in
quadruplet and the average and standard deviations are reported as the bar and error bar respectively.
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3.2. Effect of Paper Structure Elution Rate
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Figure 11: Effect of paper structure and fibrinogen concentration on elution height. Test conditions can be found in Table S2 and S4. Each
test was performed in quadruplet and the average and standard deviations are reported.

The effect of fibrinogen concentration on elution height for four papers differing in structure was
investigated (Figure 11). Table S3 reports the structural properties of these papers. There are three
observations of interest. First, elution height strongly decreases with fibrinogen concentration, with the
steepest decrease in the desired 0-2 g/L concentration range, and these results are very reproducible
across the four papers. Second, the sensitivity is a strong function of paper density, with the tissue papers
showing much higher sensitivity than the filter papers (see Supplementary Figure 2). Third, the sensitivity
increases with basis weight for the tissue papers. This can be correlated to Table S3 which shows that
higher basis weighted papers are thicker.

3.3. Effect of Fibrinogen Solution Volume and Thrombin Concentration
The effect of thrombin concentration on elution height for different fibrinogen concentrations was
investigated (Figure 12b). Higher thrombin concentrations significantly increase sensitivity (see
Supplementary Figure 4). With no thrombin, the fibrinogen concentration—elution height relationship is
virtually horizontal. However, at higher thrombin concentrations, sensitivity drastically increases and the
elution height decreases with fibrinogen concentration. Insignificant changes are observed with thrombin
concentrations of 30 U/mL (60 mU total enzyme) or higher.
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Figure 12: Effect of fibrinogen solution volume and fibrinogen concentration on elution height (a). Effect of thrombin concentration and
fibrinogen concentration on elution height (b). Test conditions can be found in Table $2, S5 and S6. Each test was performed in quadruplet

and the average and standard deviations are reported.
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The effect of fibrinogen solution volumes on elution height for different fibrinogen concentrations was
also analysed (Figure 12a). A very similar effect is observed. At 3 uL volume, the fibrinogen concentration—
elution height relationship is flat and insensitive, as denoted by the low slope. At higher fibrinogen
volumes, sensitivity drastically increases and the elution height decreases with fibrinogen concentration.
Insignificant changes are observed with volumes of 12 uL and higher.

3.4, Effect of Elution and Reaction Time
The effect of reaction time on elution height for different fibrinogen concentrations was investigated
(Figure 13a). The reaction time is the time allowed for the fibrinogen solution to react with the thrombin
before it is placed in the elution bath. Longer reaction times increase sensitivity. However, once the
reaction time goes above 30 s, insignificant changes occur.

The effect of elution time on elution height for different fibrinogen concentrations was also investigated
(Figure 13b). Longer elution times cause a remarkable increase in sensitivity (see Supplementary Figure
5). By 1 min, the fibrinogen concentration— elution height relationship is flat and sensitivity is only present
between 0-1 g/L fibrinogen. By 7 mins, sensitivity is present between 0-2 g/L fibrinogen. Finally, by 10
mins, clear sensitivity can be seen across 0-4 g/L fibrinogen.
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Figure 13: Effect of reaction time and fibrinogen concentration on elution height (a). Effect of elution time and fibrinogen concentration
on elution height (b). Test conditions can be found in Table S2 and S6. Each test was performed in quadruplet and the average and

standard deviations are reported.
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Figure 14: Effect of BSA concentration and fibrinogen concentration on elution height. Test conditions can be found in Table $2 and S7.
Each test was performed in quadruplet and the average and standard deviations are reported.

The effect of BSA concentration on elution height for different fibrinogen concentrations was investigated
(Figure 14). Albumin is the most abundant protein in plasma constituting up to 70% of total plasma protein
(208). Therefore, fibrinogen solutions in 80 g/L BSA were prepared to emulate plasma-like conditions in
human blood. The effect of BSA is moderate. At low fibrinogen concentrations, the solution with BSA does
elute less than the solution without. However, at high fibrinogen concentrations, this effect is nullified.
The paper thickness also plays a critical role in the visibility of the elution front with the plasma-like
samples (see Supplementary Figure 6). Paper 2 produced a fading blue gradient at the elution front. This
made it difficult to interpret. However, Paper 3 produced a much clearer elution front.
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Figure 15: Optimal Test Conditions. Fibrinogen in 80 g/L BSA was used as the model fluid to emulate plasma-like conditions. Test
conditions can be found in S8. Each test was performed in quintuplet and the average and standard deviations are reported.

Optimal conditions were decided based on the parameters (from Figures 11, 12, 13 and 14) that could
best distinguish fibrinogen concentrations between 0-2 g/L in plasma-like conditions. Parameters are
shown in Table S8.
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4. Discussion

4.1. Concept
In this study, we have developed a new paper-based diagnostic to quantify the fibrinogen concentration
in plasma. The diagnostic concept relies on fibrin forming a hydrophobic barrier to fluid flow in a porous
and wettable medium, such as paper. While not linear, the sensitivity of the test in the concentration
range of 0-2 g/L is highest, which perfectly fits clinical needs for diagnosing early hypofibrinogenemia.
The total duration needed for the test is less than 8 mins (Figure 15).

Unlike other assays that require laborious preparations or specialist training (157, 182), using the paper
diagnostic is only a two-step process. First blood plasma is added onto thrombin-treated paper strips
where the fibrinogen present is converted to fibrin. This is an enzyme triggered polymerization process
operating at room temperature. Then the paper strips are eluted with a standard aqueous dye. We
discovered that as fibrinogen is converted into fibrin upon interaction with thrombin, the elution barrier
it induces on paper drastically increases. Therefore, the maximum elution height of the dye drastically
decreases.

Whilst this test itself is not hand-held, it is convertible into one (as shown in Chapter 3).

The test follows Washburn kinetics of imbibition through a porous medium (Supplementary Figure 11).
Despite the elution barrier effect that fibrin exerts on the test, it does not cause it to deviate away from
Washburn kinetics.

Hydrophobicity, viscosity and physical pore blockage were all tested to see how the elution barrier works.

The hydrophobicity increases remarkably when fibrinogen is converted into fibrin. When 2 g/L fibrinogen
and thrombin reacts, it increases the water—surface contact angle by over 60° (Figure 10a). Paper elution
is governed by the capillary pressure:

Pc =Lcos (6) (1)

Where y is the air-water surface tension, r is the capillary radius, 6 is the water-capillary surface contact
angle and P, is the capillary pressure (209, 210). The higher P is, the greater the extent of elution. As the
polymerisation of fibrinogen into fibrin caused such a large increase in 8, it induces a major decrease in
Pc. Therefore, the test is predominantly driven by hydrophobicity. Although the roughness and fibre
structure of paper would certainly result in additional complexities when compared to the hydrophobicity
measurements undertaken on idealised smooth cellulose films, the basic controlling concept remains the
same.

The effect of viscosity was investigated using a series of glycerol-water solutions (Figure 10b). As glycerol
is a hydrophilic substance, it cannot act as a hydrophobic barrier to fluid flow. Therefore, it can only restrict
elution purely on viscosity. Elution is impeded at viscosities over 100 cP and can be significant once
viscosities rise over 1000 cP. However, the extent to which this applies to fibrin polymerisation is unknown.
This is because the viscosity of fibrin is affected by the shear rate exerted on it (211). However, viscosity
effects are expected to play a secondary role in the diagnostic. This is because the viscosity of the dye
solution is unaffected by the formation of fibrin.

The effects of physical pore blockage due to fibrin formation was also deciphered (Supplementary Figures
9 and 10). Images from Supplementary Figure 9 show that the paper pore size can exceed 100 um and
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that the fibrin formed cannot fill the pores. Profilometry data from Supplementary Figure 10 shows that
the surface roughness does not decrease when fibrin is formed on paper. Therefore, physical pore
blockage does not occur.

In essence, the test predominantly consists of measuring the change in hydrophobicity, which increases
with fibrinogen concentration under otherwise constant conditions. Various methods to measure paper
hydrophobicity already exist. These include the contact angle test and water droplet adsorption time (212,
213). However, this elution-based test was chosen due to its superior efficacy and easy-to-read result to
the naked eye.

4.2. Variables Affecting Sensitivity
Paper structure, fibrinogen volume, thrombin concentration, reaction time and elution time are the main
variables affecting the sensitivity of the test. Strip width and FXllla, however, show no impact. Additionally,
BSA concentration has a small but non-detrimental effect.

The sensitivity of the test correlates strongly with the elution rate of the paper (Figure 11). The sensitivity
is significantly better for the tissue papers than for the filter paper, indicating that low density papers are
preferred. The elution height difference for the tissues between 0-2 g/L fibrinogen are all around 6 cm.
This is easy to visualise and hence these papers enable determination of the fibrinogen concentration
using only the naked eye. The sensitivity is also much higher than the diagnostic reported by Li et al. which
can only distinguish clotted from non-clotted blood samples in the range of 4 mm (206). Whereas, filter
paper only shows 2.5 cm difference between this range and hence requires more subjective interpretation
of results. Low elution rate papers thereby provide lower sensitivity than high elution rate papers. Table
S3 highlights the effect of paper structure properties and how they influence the elution rate. A clear
difference is demonstrated in basis weight and density between the tissue and filter papers. As the tissue
papers have a lower density than the filter paper, they are able to elute a lot faster. In 2012, Su et al.
investigated the paper structure needed to separate agglutinated from non-agglutinated blood cells and
reported a similar finding.

Thin and porous papers were reported to provide greater sensitivity than thick and dense papers (214).
Paper of low density and high porosity is needed for such fibrinogen diagnostics.

The effect of fibrinogen solution volume provides the basis for the amount of blood plasma required
(Figure 12a). Likewise, the effect of thrombin concentration determines the amount of thrombin to be
used per test (Figure 12b). The trend is the same for both relationships. Increased fibrinogen solution
volume and thrombin concentration both increase the sensitivity of the test. The sensitivity of the test
becomes optimised once the volume and concentration reaches certain threshold values: 12 plL and 30
U/mL, respectively. This means that the reagents needed to perform such a test are significantly lower in
quantity than any other currently available fibrinogen assay. For instance, Clauss assays require 100 pL
thrombin solutions (of up to 200 U/mL) and 200 pL of diluted plasma in order to provide reliable results
(215). Likewise, FIBTEM tests require 300 pL of blood and 40 uL of extra reagents (216). As our test needs
only 60 mU of thrombin and a small drop of plasma (~12 pL), it can save significant reagent usage from
the clinic and the heavily bleeding patient.
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The effect of reaction and elution time combined define the testing time (Figure 13). The reaction time
shows optimal sensitivity at only 30 s. In 1953, Biggs et al. stated that normal plasma could be clotted at
37°Cin105s(217). The fact that our study was performed at room temperature (instead of 37 °C) indicates
that temperature has little impact on the rapidity of the test. Likewise, the sensitivity improves with larger
elution times. By 7 mins, concentrations between 0-2 g/L are very easy to distinguish. Therefore, this was
selected as the optimal time needed for the test. It is quicker than FIBTEM which can require up to 11
mins to get a reading (153, 154). This paper test can give clear results in half the time of a FIBTEM.

We hypothesised that including FXllla would improve the sensitivity of the test. This is because FXllla
forms covalent cross-links between fibrin monomers that strengthens the fibrin. Therefore, we thought
that this would increase the hydrophobicity of the elution barrier and impede further elution. However,
FXllla has no clear impact on the sensitivity of our test (Supplementary Figure 7). The effect of BSA
concentration provides the basis for nonspecific effects on the test (Figure 14). The reference range for
total protein concentration for human plasma is 60—80 g/L (208).

Therefore, 80 g/L solutions of BSA were used to emulate human plasma-like conditions in the high
concentration range. BSA does perturb the sensitivity of the test. However, this is only evident at low
fibrinogen concentrations (i.e. below 1.5 g/L). At higher concentrations, the effects of BSA are negligible.
Given that this experiment tested between an 80 g/L difference of BSA, whereas total plasma protein
concentration between normal individuals varies by 20 g/L, such small effect would be nullified even
further. This indicates that nonspecific effects in normal plasma would be insignificant on the sensitivity
of the test.

4.3. Perspectives
Non-specific effects of other plasma proteins, especially albumins and globulins, are a concern in this test.
Both of these proteins have been known to adsorb to cellulose (218) and contribute to plasma viscosity
(219).

Therefore, they may retard elution. Whilst we found that physiologically relevant levels of these proteins
had measurable but not detrimental effects on the elution height when compared to fibrin, abnormally
high levels of these proteins were not considered. Therefore, individuals with hyperviscous blood may be
susceptible to giving falsely high fibrinogen concentration readings.

Non-homogeneous elution can cause the elution front to move further and hence cause a falsely low
reading for fibrinogen concentration (see Supplementary Figure 3). The main phenomenon behind
inhomogeneous elution is the creation of local areas of air pockets across the width of the strip. As these
air pockets are lower in pressure than the surrounding clotted plasma, the aqueous dye prefers to move
through them. These air pockets are most likely formed due to variability within the paper pore structure.
Supplementary Figure 8 shows that 5 mm strips produce larger variations in elution height than 3 mm
strips. This is probably due to the greater chance of encountering an air pocket in a wider strip than in a
narrower strip. Therefore, our test requires a high-quality paper with no variability in pore structure or
density.

A rapid and simple method to pre-separate blood cells from plasma must be considered before applying
plasma onto our test. We found that whilst serum and plasma showed clear elution differences to each
other (Figure 9), whole blood did not perform as well (result not included). This is in contrary to Li et al.’s
(220) diagnostic which could distinguish whole blood samples with prolonged clotting parameters from
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samples with normal clotting parameters. In 2017, Kim et al. recently developed a high purity and high
throughput pipette tip that could separate plasma and blood from each other (220). In this study, we only
looked at the effects at room temperature and relative humidities between 30-50%. However, given that
our test is intended to be a hand-held, point of care (POC) diagnostic for emergency fibrinogen
transfusions, it is likely to be used in both indoor and outdoor environments. In Australia, the climate can
vary from hot and dry conditions in Central Australia to mild and damp conditions in Victoria and Tasmania.
Therefore, such a diagnostic may have to be stored and operated under controlled temperature and
humidity conditions, indicating the need for additional testing.
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5. Conclusion

In this study, we have developed a rapid, simple, sensitive and cheap paper-based diagnostic that can
qguantify fibrinogen concentrations. The test is a two-step process. First, dissolved fibrinogen is added onto
thrombin-treated paper strips. The thrombin converts the fibrinogen into fibrin, and then the strips are
eluted with a standard elution dye. The aqueous dye will elute to a certain height, depending on the
quantity of fibrin present on the strip. This is through a hydrophobicity-controlled mechanism. This
diagnostic is well adapted for clinical major haemorrhage protocols as it can detect within the range of 0—
2g/L, necessary for diagnosing early hypofibrinogenemia.

We found that the paper type, fibrinogen solution volume, thrombin concentration, reaction time and
elution time all affected the sensitivity of the test. Whilst the test requires low density paper for rapid
elution, it can achieve sensitivity with low reagent quantities (12 uL fibrinogen solution and 60 mU
thrombin) and short assaying times (30 s reaction time and 7 mins elution time). This is significantly
quicker and cheaper than any current laboratory tests, including FIBTEM. We also tested the non-specific
effects of other blood proteins in plasma. We found that at physiologically relevant concentrations, its
impact on the test was small. However, abnormally high levels were not tested and could be a limitation.
Other limitations of the test include non-homogenous elution patterns (which causes the dye to elute
further than it should), the requirement to pre-separate blood cells from plasma and the potential effects
of temperature and humidity. Hence, further optimization is still required to develop the test into a robust
POC commercial diagnostic.

The future of this test is exciting. Such a diagnostic could be used to detect early hypofibrinogenemia and
save many lives. It also has the potential to revolutionise major haemorrhage protocols by introducing
rapid, simple and cheap point of care diagnostics that are suitable for targeted treatment.
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Supplementary Data

2.1. Experimental Method:

Paper Strip Cut-Out:

LEMNGTH:
16 am

a)
11 em

WIDTH:
10 am

]
1 em

._
L
L

Supplementary Figure 1: Paper strip cut-out prepared on CorelDRAW X6. a) The total height of the strip. In the middle of each strip are
markings 5 mm apart. These are used to measure the elution height up each strip. b) The bottom section of the cut-out. This was included
to hold the strips in place during elution. c) The height up the cut-out that the rod was attached to. This is indicated by the horizontal

slits on either side of the cut-out.
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2.2.Test Conditions:

Table S1: Conditions for hydrophobicity and viscosity testing

Experiment Relevant Conditions
Figure
0.25 % w/v cellulose
Cellulose 0 U/mL Thrombin
0 g/L Fibrinogen
0.25 % w/v cellulose
Cellulose & Fibrinogen 0 U/mL Thrombin
Effect of hydrophobicity on different Figure 2 g/L Fibrinogen
surfaces 10a 0.25 % w/v cellulose
Cellulose & Thrombin 10 U/mL Thrombin
0 g/L Fibrinogen
0.25 % w/v cellulose
Cellulose & Fibrin 10 U/mL Thrombin
2 g/L Fibrinogen
Paper Type Tissue 1
Strip Width 3 mm
Effect of Glycerol Viscosity on Elution Position of Glycerol from Bottom of l1cm
Height Figure Strip (cm)
10b Glycerol-Water Mixture Volume 6 ulL
Glycerol Wicking Time 60 sec
Elution Time 3 min
Table S2: Conditions for variable-sensitivity testing
Experiment Relevant Conditions
Figure
Strip Width 5 mm
Thrombin Solution Volume 3uL
Effect of Paper Structure and Thrombin Concentration 30 U/mL
Fibrinogen Concentration on Figure 11 FXllla Concentration 0 U/mL
Elution Height Fibrinogen Solution Volume 20 plL
Reaction Time 60 sec
Elution Time 5 min
Paper Type Tissue 2
Thrombin Solution Volume (3 mm/5 2/3 uL
mm)
Effect of Strip Width and | Supplementary Thrombin Concentration 30 U/mL
Fibrinogen  Concentration on Figure 8 FXllla Concentration 0 U/mL
Elution Height Fibrinogen Solution Volume 12/20 pL
(3 mm/5 mm)
Reaction Time 60 sec
Elution Time 5 min
Paper Type Tissue 2
Strip Width 3mm
Effect of Fibrinogen Solution Thrombin Solution Volume 2ul
Volume and Fibrinogen Figure 12a Thrombin Concentration 30 U/mL
Concentration on Elution Height EXllla Concentration 0U/mL
Reaction Time 60 sec
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Elution Time 5 min
Paper Type Tissue 2
Strip Width 3mm
Effect of Thrombin Concentration Thrombin Solution Volume 2 ul
and Fibrinogen Concentration on Figure 12b FXIlla Concentration 0 U/mL
Elution Height Fibrinogen Solution Volume 12 L
Reaction Time 60 sec
Elution Time 5 min
Paper Type Tissue 2
Strip Width 3mm
Effect of FXllla Concentration and Thrombin Solution Volume 2 uL
Fibrinogen Concentration  on | Supplementary Thrombin Concentration 30 U/mL
Elution Height Figure 7 Fibrinogen Solution Volume 24 ulL
Reaction Time 60 sec
Elution Time 5 min
Paper Type Tissue 2
Strip Width 3mm
Effect of Reaction Time and Thrombin Solution Volume 2 uL
Fibrinogen  Concentration on Figure 13a Thrombin Concentration 60 U/mL
Elution Height FXIlla Concentration 0 U/mL
Fibrinogen Solution Volume 12 uL
Elution Time 5 min
Paper Type Tissue 2
Strip Width 3mm
Thrombin Solution Volume 2 uL
Effect of Elution Time and Figure 13b Thrombin Concentration 60 U/mL
Fibrinogen  Concentration on EXllla Concentration 0U/mL
Elution Height Fibrinogen Solution Volume 12 L
Reaction Time 30 sec
Paper Type Tissue 3
Strip Width 3 mm
Thrombin Solution Volume 2L
Effect of BSA Concentration and Thrombin Concentration 60 U/mL
Fibrinogen Concentration on Figure 14 EXllla Concentration 0 U/mL
Elution Height. Fibrinogen Solution Volume 12 L
Reaction Time 30 sec
Elution Time 7 min
Table S3: Structural Properties of Paper Substrates
Grammage (GSM) Thickness (mm) Density (kg/m?3)
Tissue 1 25 0.14 180
Tissue 2 30 0.16 190
Tissue 3 41 0.24 180
Filter 91 0.23 400
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Table S4: Positionings of fibrinogen and thrombin solution up paper strips for each test condition in Figure 11. Each condition

was reacted for 60 s and eluted for 5 mins.

Position of Thrombin Solution Position of Fibrinogen Solution
from Bottom of Strip (cm) from Bottom of Strip (cm)
Tissue 1 2.5 3
Tissue 2 2 2.5
Tissue 3 1.5 2
Filter Paper 1.5 2

Table S5: Positionings of fibrinogen and thrombin solution up paper strips for each test condition in Figure 12a. Each condition

was reacted for 60 s and eluted for 5 mins.

Position of Thrombin Solution
from Bottom of Strip (cm)

Position of Fibrinogen Solution
from Bottom of Strip (cm)

3 pL Fibrinogen Solution 0.5 1
6 pL Fibrinogen Solution 1 1.5
12 pL Fibrinogen Solution 2 2.5
18 pL Fibrinogen Solution 3 3.5
4 4.5

24 plL Fibrinogen Solution

Table S6: Positionings of fibrinogen and thrombin solution up paper strips for each test condition in Figure 12b, 13, S7 and S8.

Each condition except Figure 13 was reacted for 60 s and eluted for 5 mins.

Position of Thrombin Solution
from Bottom of Strip (cm)

Position of Fibrinogen Solution
from Bottom of Strip (cm)

All Conditions 2

2.5

Table S7: Positionings of fibrinogen and thrombin solution up paper strips for each test condition in Figure 14. Each condition

was reacted for 30 s and eluted for 7 mins.

Position of Thrombin Solution
from Bottom of Strip (cm)

Position of Fibrinogen Solution
from Bottom of Strip (cm)

0g/LBSA 1.5 2
80 g/L BSA 1 1.5
Table S8: Optimal Test Conditions in Figure 15.
Paper Type Tissue 3
Strip Width 3 mm
Thrombin Solution Volume 2 uL
Thrombin Concentration 60 U/mL
FXllla Concentration 0U/mL
Fibrinogen Solution Volume 12 uL
Optimal Test Conditions Figure Reaction Time 30 sec
15 Elution Time 7 min
Position of Thrombin Solution 1
from Bottom of Strip (cm)
Position of Fibrinogen Solution 1.5
from Bottom of Strip (cm)
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Table S9: Conditions for Serum vs Plasma testing in Figure 9.

Elution of Serum vs Plasma

Figure 9

Paper Type Tissue 2
Strip Width 5mm
Thrombin Solution Volume 3L
Thrombin Concentration 30U/mL
FXllla Concentration 0uU/mL
Serum/Plasma Volume 20 uL
Reaction Time 60 sec
Elution Time 5 min
Position of Thrombin Solution 1.5
from Bottom of Strip (cm)

Position of Fibrinogen Solution 2

from Bottom of Strip (cm)
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RESULTS:

2.3.Raw Data:
Filter Tissue
0g/L 0.25g/L 0.5g/L 1g/L 2g/L 4g/L 0g/L 0.25g/L 0.5g/L 1g/L 2g/L 4g/L

Supplementary Figure 2: Elution of Filter (High Density) Paper vs Tissue (Low Density) Paper. Tissue Paper elutes a lot faster than Filter
Paper. Therefore, it is far more sensitive at differentiating between different fibrinogen concentrations. Green numbers indicate
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fibrinogen solution added to each strip.
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5 mm strips
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Supplementary Figure 3: Elution of 3 mm strips vs 5 mm strips. 3 mm strips produces greater accuracy than 5 mm strips. This is due to

the lower frequency of non-homogeneous elution. Non-homogenous elution (indicated by the red square) is attributed to the
inconsistencies in paper pore structure and causes the aqueous dye to elute further than expected. Green numbers indicate fibrinogen

solution added to each strip.
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Supplementary Figure 4: Elution of 0 mU Thrombin vs 60 mU Thrombin. Thrombin is essential for this test. 0 mU thrombin shows

negligible elution height differences between different fibrinogen concentrations. 60 mU thrombin however strongly differentiates

between different fibrinogen concentrations. Green numbers indicate fibrinogen solution added to each strip.
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Supplementary Figure 5: 1 min elution time vs 5 min elution time. Elution Time Ias a large imact n senlthlty. At 1m|n separation
between different fibrinogen concentrations was poor. However, by 5 mins, separation was clear between different fibrinogen
concentrations. Green numbers indicate fibrinogen solution added to each strip.

Paper 2 (after 5 min elution) Paper 3 (after 7 min elution)

Og/L _ Q_g/L ==/t h'g/L 0.19 g/L 0.38g/L 1 0.75g/L = 1.5g/L 3g/L

Supplementary Figure 6: Paper 2 (0.16 mm thickness) vs Paper 3 (0.24 mm thickness). Paper Thickness impacts on the visibility of the
elution front for Fibrinogen Solutions in 80 g/L BSA. Paper 2 produces an elution front gradient, making results difficult to read. Paper 3
however produces a much sharper elution front making results easier to read.
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2.4. Effect of FXlIlla Concentration:
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Supplementary Figure 7: Effect of FXllla Concentration and Fibrinogen Concentration on Elution Height. Test conditions can be found
in Table S2 and S6. Each test was performed in quadruplet and the average and standard deviations are reported.

The effect of Factor Xllla concentration on elution height for different fibrinogen concentrations is
investigated (Supplementary Figure 8). Factor XlIl has no effect on the sensitivity of the test.
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2.5. Effect of Strip Width:
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Supplementary Figure 8: Effect of Strip Width and Fibrinogen Concentration on Elution Height. Test conditions can be found in Table S2
and S6. Each test was performed in quadruplet and the average and standard deviations are reported.

The effect of fibrinogen concentration on elution height for different strip widths is investigated
(Supplementary Figure 8). 2 mm strips were too fragile for proper diagnostic manipulation. 3 mm and 5
mm wide strips show no significant difference in elution sensitivity. However, the thinner strips show
better reproducibility between different fibrinogen concentrations due to an elution front that is clearer
and easier to read (see Supplementary Figure 3). This is attributed to wider strips introducing more
inconsistencies in paper pore structure. In turn, this causes the aqueous dye to elute further than
expected. Therefore, 3 mm strips were selected for their more reliable performance.
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2.6. Paper Pore Blockage Analysis:

No Fibrin

4 g/L Fibrin
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Supplementary Figure 9: Images of Tissue Paper 3 coated with and without fibrin as captured under a laser microscope. Paper squares
1 X 1 cm? were cut on Epilog Laser Cutter. Thrombin vials were reconstituted with 0.3% Ponceau 4R (from Queens Red Food Dye) diluted
in water. 2 pL of Thrombin was quickly mixed with 24 uL of Fibrinogen solutions (0 g/L and 4 g/L in PBS) in a PCR tube before being
pipetted onto the paper. They were then imaged under a LEXT 3D Measuring Laser Microscope OLS5000 at 50X and 100X.
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Supplementary Figure 10: Mean surface roughness of Tissue Paper 3 coated with and without fibrin as measured under a profilometer.
Thrombin vials were reconstituted with water. 2 pL of Thrombin was quickly mixed with 24 uL of Fibrinogen solutions (0 g/L and 4 g/Lin
PBS) in a PCR tube before being pipetted onto the paper. The mean surface roughness was measured using a LEXT 3D Measuring Laser
Microscope in triplicate.

Supplementary Figure 9 and 10 verifies wherever the physical blockage of the tissue paper pores occurred
due to fibrin formation. Light microscope images are shown in Supplementary Figure 9. 2 observations
are noticed: 1) The paper pores are very large and can exceed 100 um. 2) There is no observed decrease
in pore size due to the formation of fibrin. Mean surface roughness measurements are also shown in
Supplementary Figure 10. If fibrin did fill the voids of the paper pores, then the paper surface would
smoothen and the measured mean surface roughness would decrease. However, that was not the case as
the paper surface roughness was similar regardless of the formation of fibrin. the paper surface roughness
was similar regardless of the formation of fibrin. This means that the physical blockage of the pores is not
a driving mechanism of the diagnostic.
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2.7. Washburn Flow Kinetic Analysis:
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Supplementary Figure 11: Washburn kinetics analysis derived from the data of Figure 13b. Each test was performed in quadruplet and
the linear line of best fit though each set of data is given.

Table S10: Coefficient of Determination calculations corresponding to the linear lines of best fits in Supplementary Figure 11.

Fibrinogen Concentration (g/L) Coefficient of Determination (R?)
0 0.98
0.25 0.99
0.5 0.99
1 0.97
2 0.99
4 0.95

Supplementary Figure 11 and Table S10 verifies wherever the polymerisation of fibrinogen in the test
causes elution to deviate away from Washburn Kinetics. The Lucas-Washburn Equation is summarised
below:

rt cos 6
L= |22
2n

(2)
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Where L is the elution height y is the apparent y is the air-blue dye surface tension, r is the capillary

radius, 6 is the water-capillary surface contact angle t is the elution time and 1) is the blue dye viscosity.
1
Curves that follow Washburn Kinetics will show a linear trend when L is plotted against tz.

In Supplementary Figure 11, all fibrinogen concentrations give linear trend-lines. In Table S10, all trend-
lines have an R? value above 0.95. This means that the formation of fibrin in the test does not cause
elution to deviate away from Washburn kinetics.
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Chapter 3: Horizontal Wicking Lateral Flow Assay
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Abstract

Critical bleeding causes over 2 million deaths a year. Early hypofibrinogenemia is a strong predictor of
mortality in critically bleeding patients. The early replenishment of fibrinogen may significantly improve
outcomes. However, over replenishment can also be dangerous. Furthermore, there is no rapid, cheap,
hand-held diagnostic that can aid critically bleeding patients in fibrinogen replacement therapy. In this
study, we have developed a hand-held paper diagnostic that measures plasma fibrinogen concentrations.
The diagnostic has the potential to be used as a point of care device both inside and outside of hospital
settings. It can vastly reduce the time to treatment for fibrinogen replacement therapy. The diagnostic is
a two-step process. First, thrombin and plasma are added onto horizontially-orientated paper strips
where the fibrinogen is converted into fibrin, drastically increasing the plasma’s hydrophobicity. Second,
an aqueous blue dye is pipetted onto the strips and allowed to wick through the fibrin. The distance the
blue dye wicks through the strip correlates precisely to the fibrinogen concentration. The diagnostic can
provide results within a minute. It can distinguish low fibrinogen concentrations (ie. <2 g/L) from normal
fibrinogen concentrations. It shows remarkable reproducibility between healthy individuals. It is
unaffected by common blood conditions such as acidosis, blood alcohol, severe hypertriglyceridemia,
severe haemolysis and warfarin administration. Finally, it is unaffected by humidity and can withstand
cold temperatures.
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1. Introduction

This study aims to develop a rapid hand-held paper diagnostic for measuring fibrinogen concentrations in
plasma. The diagnostic can revolutionise the treatment of heavily bleeding patients. It can vastly reduce
the time to treatment before fibrinogen replacement therapy. Furthermore, it can be used as a point of
care device in a multitude of locations - not only in hospital emergency rooms, but also in ambulances or
outdoors at the site of injury.

Fibrinogen is the effector clotting protein in blood. It is normally present in the plasma at concentrations
between 2 and 4 g/L (1, 2). When bleeding is induced, fibrinogen is polymerised into fibrin at the site of
blood vessel breakage (3, 4). Patients with hypofibrinogenemia are at a significantly greater risk of
mortality due to critical bleeding (10, 11). The early depletion of fibrinogen can impair the formation of
clots (12, 13).

Critical bleeding can occur anywhere in the world. Outside clinics, trauma-induced major haemorrhage is
the leading cause of death for people aged 18-39 - contributing two million deaths worldwide a year (174,
191-196). Inside clinics, critical bleeding can arise as a result of childbirth (75% of all cases), cardiac surgery,
liver transplant and postoperative complications (35-39).

The incidence of hypofibrinogenemia in critical bleeding is common. In 2017, McQuilten et al. identified
that 21.2% of major trauma patients had fibrinogen levels below 2 g/L (197). Fibrinogen is one of the first
proteins to be depleted in critically bleeding patients (31). Hence, the early replenishment of fibrinogen
levels may significantly improve outcomes (15-17).

When hypofibrinogenemia is detected in critically bleeding patients, fibrinogen replacement therapy (FRT)
is used. European clinical guidelines state that FRT should be implemented when plasma fibrinogen
concentrations fall below 2 g/L (14). However, FRT needs to be handled carefully to prevent unnecessary
fibrinogen supplementation. Over-supplementation may lead to thrombotic episodes, induce iatrogenic
effects and waste expensive resources (18, 19).

Traditionally, fibrinogen replacement therapy (FRT) was provided indirectly through fixed volumetric
transfusions (168). This consisted of fixed volumetric ratios of donor red blood cells, platelets,
cryoprecipitate and fresh frozen plasma (FFP) being transfused into critically bleeding patients. Since these
components had all the blood products needed for clotting, the diagnostic step to determine the causes
of bleeding was often overlooked. However, fixed volumetric transfusions have been scrutinised because:
1) The time required to thaw and transfuse both cryoprecipitate and FFP is over an hour (169). 2) The
contents of the cryoprecipitate and FFP are unstandardised (170, 171). 3) The transfusion of
cryoprecipitate or FFP can cause dangerous side effects (170, 172-175). 4) Even though the FFP and
cryoprecipitate contains fibrinogen, the transfused red blood cells and platelets dilute the patient’s
fibrinogen to be below the threshold levels for clotting (177-179).

Recently, the availability of lyophilised clotting factors has allowed major haemorrhage protocols to be
carried out more safely. Therefore, FRT has been successfully implemented by using fibrinogen
concentrate (FC). Rahe-Meyer et al. reported that FC only needs a supplementation time of 5 min (174).
However, a means of diagnosing hypofibrinogenemia must be executed to prevent the inappropriate
supplementation of FC.
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The main clinical assays currently used to detect hypofibrinogenemia are unreliable. The Clauss assays are
the most common standard laboratory technique for quantifying fibrinogen concentration. They do so by
taking a plasma sample, adding thrombin and measuring the time taken for fibrin formation to occur.
Longer times correlate to lower fibrinogen concentrations (20). Likewise, viscoelastic haemostatic assays
have risen in popularity in the last twenty years. This is due to their ability to quantify numerous clotting
factors in whole blood per assay. Viscoelastic haemostatic assays measure fibrinogen through the change
in viscoelasticity when fibrin is formed (21). However, both assays require well controlled, sensitive and
expensive instruments with long assaying times (22).

Therefore, a rapid, cheap, portable and hand-held plasma fibrinogen concentration diagnostic is needed
to greatly reduce the time to treatment needed for fibrinogen replacement therapy.

In our previous study, we have developed a paper test based on the principles of vertical wicking (199).
First, plasma is added onto paper strips pre-wetted with thrombin. Second, the test is placed vertically
into an infinite reservoir of blue dye. The fibrinogen concentration can be measured by how far the blue
dye wicks up the strip over a set amount of time. This is because when the fibrinogen in plasma reacts
with the thrombin to form fibrin, it increases the hydrophobicity of the strip. This in turn decreases the
blue dye wicking rate. The higher the fibrinogen concentration, the stronger the strip hydrophobicity and
hence the lower the blue dye wicking height. Therefore, the tests of patients with hypofibrinogenemia
will produce further wicking than healthy people.

However, the vertical wicking test has limitations that confines it to research laboratories. First, the test-
setup is not easy-to-use. The infinite reservoir must rest on a stable horizontal surface and the paper strips
need to be placed stationary in it for accurate reading. This is not feasible in outdoor scenarios. Second,
the test is limited by gravity. As the strip must be held vertically, the rate at which the blue dye moves up
the strip is slower than what it would be in a flatter orientation. Therefore, we aim to modify this test so
that it is better suited as a rapid, hand-held point of care device. We intend to achieve this by not-only
substituting the infinite reservoir with pipetting droplets of blue dye on the strip, but also by orientating
the strips horizontally instead of vertically.

In this paper, we develop a rapid and sensitive paper-based test that can be hand-held horizontally for
point of care use. We investigate the effect that different human plasma samples have on the test - to
conclude wherever the test varies between healthy individuals. We compare its performance to a
hospital-grade Clauss assay. Finally, we investigate the effect of common blood abnormalities and
weather conditions. This includes the effects of acidosis, alcohol, heparin, warfarin, haemolysis and
dietary lipids as well as surrounding temperatures and humidities. It is our objective to show the proof of
concept of a point of care paper fibrinogen diagnostic.
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2. Materials and Methodology

2.1. Materials
Tissue paper of 30 GSM and 0.16 mm was used to create the paper strip cut-outs. They were produced in
the Kimberly Clark Experimental Forming Unit (EFU), Neenah (WI), USA. Tissues consist of eucalyptus
fibres formed with a 3 layer headbox. 10 kg/T Kymene, a PAE wet strength agent, was added to each layer.
Tissues were moulded and thoroughly air-dried. Two 1 X 1 mm? square steel rods were cut into 35 mm
lengths to hold the paper strips horizontally. J Burrows Magnets were used to attach the paper strip cut-
outs to the steel bar. A 7.5 X 12.6 X 26.7 cm® Falcon tube holder was used to hold the metal bars in place
and keep paper strip cut-out suspended over the tabletop. A schematic of the setup is shown
Supplementary Figure 12.

Brilliant Blue FCF (from Queen Blue Food Colouring) was used to make the blue dye (for wicking). Ponceau
4R (from Queen Red Food Colouring) was used to make the red dye (for colouring the thrombin solution).

3 lots of citrated plasma from healthy samples (with fibrinogen concentrations of 2.8 g/L, 3.2 g/L and 3.3
g/L) were sourced from R2 diagnostics. Each plasma sample was pooled from the platelet-poor plasma of
at least fifteen different donors. Thrombin (T8885), unfractionated heparin (H5515), warfarin (PHR1435),
triglycerides (17810), hydrochloric acid solution (150696), sodium chloride (57653) and the haemoglobin
assay kit (MAK115) was sourced from Sigma Aldrich. Absolute ethanol (AJA214) was sourced from Ajax
Finechem. Ethylenediaminetetraacetic acid (EDTA) anticoagulated whole blood was sourced from the
Australian Red Cross. Soy wax (NatureWax® C3 Container Blend) was sourced from Candle Supply.

MilliQ water was used to dilute the dyes to the required concentrations and reconstitute vials of citrated
plasma and thrombin.

“Tubes PCR Strip Tubes 0.2 ml Thin Wall & Flat Caps” from Axygen were used as the tubes for mixing. They
are referred to as PCR tubes throughout the paper.

An iPhone 8 with the app ProMovie was used to record wicking. A Yellowstone 6000 Tripod was used to
hold the iPhone in place during recording. A Manfrotto Universal Smartphone Clamp was used to attach
the iPhone to the tripod.

2.2. Methodology

2.2.1. Paper Strip Cut-Out Preparation
Paper strip cut-outs were prepared as such on CorelDRAW X6 with the dimensions shown in
Supplementary Figure 13. Paper was cut on a Laser Cutter (60 Watt Epilog Helix) using the cut-outs
prepared on CorelDRAW X6. The print settings used were 100% speed, 5% Power and 500 Hz Frequency.
A Petri dish filled with soy wax was melted at 150°C on a Corning hot plate (#6795-420D). Once molten,
10 mL of molten wax was applied across the bottom of each strip below the dye pad. This ensured that
the blue dye only travelled in one direction.

2.2.2. Plasma Sample Preparation
Vials of citrated plasma were fully reconstituted with 1 mL of distilled water each. This plasma is referred
to as normal or healthy plasma throughout the paper. Then, 50 mL aliquots of normal plasma were
pipetted into Eppendorf Tubes and snap-frozen in liquid nitrogen. They were later stored at -86°C until
used.
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Defibrinogenated plasma was prepared through heat precipitation. Normal plasma was transferred to
Eppendorf Tubes and heated in a water bath (Thermo Scientific Precision GP20) at 56-58°C for 30 min - to
selectively precipitate the fibrinogen. Afterwards, the Eppendorf Tubes were centrifuged at 12500 rpm
using a 11124-H rotor for 10 min in a Sigma 2-16P centrifuge. The supernatant - which contained no
fibrinogen - was collected, aliquoted 50 mL each into Eppendorf Tubes, snap frozen in liquid nitrogen and
stored at -86°C until used.

When both normal and defibrinogenated plasma samples were thawed, they had to be re-mixed using a
pipette - to ensure their contents were uniformly distributed. Plasma samples of different fibrinogen
concentrations were prepared by mixing normal plasma and defibrinogenated plasma to the appropriate
ratios.

2.2.3.  Thrombin Solution Preparation
50 mL of Queen Red Food Colouring was diluted in 450 mL MilliQ Water. One vial of thrombin was
reconstituted with 300 mL of the solution to make vials of 30 NIH U/mL Thrombin. The vials were then
aliquoted 50 mL each into Eppendorf Tubes, snap-frozen in liquid nitrogen and stored at 86°C until used.
(NB: Any food colouring can be used. We used red colouring as it contrasted with the blue dye used in the
test and allowed its microfluidics to be observed more easily).

When these thrombin solution samples were unfrozen and thawed, they had to be re-mixed using a
pipette - to ensure their contents were uniformly distributed.

From Chapter 2, Factor Xllla did not influence the test (despite crosslinking fibrin monomers). Therefore,
it was not observed in this chapter.

2.2.4. Main Test

Experiments were performed in a temperature and humidity-controlled room at 23°C and 50% relative
humidity. 0.5 mL of Thrombin Solution was pipetted into the bottom of a PCR tube. Using a pipette, 3 mL
of plasma sample was quickly mixed with the thrombin solution until the red colouring was homogenous.
It was then applied across the 0 mm marking of the paper strip. The mixed plasma had to be evenly applied
across the width of the strip to prevent gaps forming in the fibrin network. This was achieved by quickly
pipetting the plasma dropwise onto the left-hand side, right-hand side and centre of the strip e thus
forming a zone of hydrophobicity.

After 30 s, a 30 mL droplet of 5% Queen Blue Food Colouring was applied from the bottom of the dye pad.
It was important to ensure that the shear force of the blue dye did not destroy the fibrin network that
was formed. Therefore, the blue dye wicking through the network was controlled in two ways. 1) The blue
dye was added slowly and continuously over a period of 10 s. 2) The blue dye was added from the bottom
of the dye pad (to provide enough room for the droplet to sink in). The wicking length was measured 30 s
after the blue dye began to be added to the strip. Figure 16 illustrates this procedure.
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Figure 16: Schematic lllustration of the main test procedure

2.2.5. Wicking Length Measurement
The midpoint for the wicking front was used to measure the wicking length. The iPhone was held directly
over the paper strips and ProMovie (downloaded from the App Store) was used to film the main test.
ProMovie was used because it could manually focus on the paper strip markings for analysis (see
Supplementary Figure 14). To measure wicking length, snapshots of each strip in the recorded videos
were taken 30 s after blue dye was first applied. They were then analysed on Imagel to determine their
wicking length - as shown in Supplementary Figure 15.

2.2.6. Testing of Different Substances
Heparin, warfarin, alcohol and lipids were all tested as they are all common substances found in plasma
that may have impacted on the test. Solutions of 14 U/mL heparin, 60 mg/L warfarin, 4 g/dL ethanol and
25,000 mg/dL triglycerides were all prepared by dissolving or diluting in MilliQ water.
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Each substance was diluted 1:20 times in either normal or defibrinogenated plasma. This created plasma
samples with physiologically significant concentrations of each substance. These samples were then
tested.

2.2.7. Testing of Acidosis
A pH Meter (Thermo Fisher) was used to record the pH of 2 mL of normal plasma. This was performed in
a 15 mL Falcon tube - because it could allow the plasma to reach a high enough level for pH measurement.
The pH was measured to be 7.6. 500 mL of normal plasma was initially collected and kept aside.

1 M hydrochloric acid was added carefully to drop the pH of the remaining plasma to 7.3 and another 500
mL was collected. This process was repeated twice more with the remaining plasma further dropped to
7.1and 6.9 and collected each at 500 mL. The final concentration of hydrochloric acid in the pH 6.9 sample
was calculated. Then, the equivalent molar concentration of sodium chloride was added to 250 mL of
normal plasma with 1 M sodium chloride. This created a control sample that determined whether any
observed effects were driven by decreased pH or increased salt concentration.

Half the volume of each sample was heated at 56-58°C for 30 min to also prepare defibrinogenated
samples at different pHs. These samples were then tested.

2.2.8. Testing of Haemolysis
1 mL of whole blood was pipetted into an Eppendorf tube. It was then centrifuged at 12500 rpm using a
11124-H rotor for 10 min in a Sigma 2-16P centrifuge. The plasma was carefully discarded using a pipette
- leaving behind the red blood cells (RBCs). The RBCs were lysed by snap-freezing them in liquid nitrogen
and re-thawing them at room temperature three times. This created haemoglobin concentrate. To
confirm that the cells had successfully lysed, a 1 mL sample of haemoglobin concentrate was viewed under
a Nikon H600L microscope and verified by the lack of cells present.

The concentration of the haemoglobin concentrate was quantified by using the haemoglobin assay kit and
following the technical bulletin instructions. The assay was performed on a Tecan Infinite M Nano
microplate reader. The haemoglobin concentrate was measured to be 36 g/dL. 1.8 g/dL haemoglobin
plasma samples were created by diluting the haemoglobin concentrate 1:20 times in normal and
defibrinogenated plasma. Furthermore, a 0.9 g/dL haemoglobin plasma sample was created by diluting
the haemoglobin concentrate 1:40 times in defibrinogenated plasma. These samples were then tested.

2.2.9. Testing of Humidity
A dessication chamber (Dry Keeper Sanplatec Corp Ce3B) was used and filled with three bottles of silica
gel contained in petri dishes to drop the relative humidity from 50% to 30%. The test as per normal was
carried out inside the chamber. The door was opened when adding reagents onto the strip but was closed
immediately to prevent the humidity from rising.

2.2.10. Testing of Temperature
An incubator (Carun Diurnal Incubator Model 6042) was used to change the temperature to 7°C, 23°C,
36°C and 44°C. The test setup and all reagents were placed inside the incubator and allowed to equilibrate
with the set temperature for 10 min. Afterwards, the test as per normal was carried out inside the
chamber. The door was opened when adding reagents onto the strip but was closed immediately to
prevent the temperature from returning to room temperature.
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2.2.11. Clauss Assay

A Sta-R Analyser - with commercial reagents from Diagnostica Stago (STA® Fibrinogen 5) - was used. This

was then compared to the paper test.
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3. Results
Paper strips were prepared as shown in Supplementary Figure 13. The dye pad design is deciphered in
Supplementary Figure 18. Figure 17 illustrates the concept behind the test.

Plasma and thrombin (dyed red) were quickly mixed with a pipette in a PCR tube until the mixture became
homogenously red. The mixture was then quickly pipetted across the 0 mm marking and allowed to react
for 30 s. This formed a zone of hydrophobicity.

Accurate plasma volumes were confirmed by measuring the equilibrium stain size on paper
(Supplementary Figure 21) (218).

A droplet of blue dye was then deposited on the dye pad. The wicking length on paper was measured 30
s after the blue dye was first applied. This was chosen as the most suitable wicking time for this study
(Supplementary Figure 19 and 20). It was important that the blue dye passed the fibrin network at a
controlled velocity to prevent it from causing damage. This was achieved by: 1) adding it slowly over a
period of 10 s, and 2) adding it from the bottom of the strip (to ensure that the droplet had sunk into the
paper before it reached the fibrin network).

The further the wicking front migrates to, the lower the plasma fibrinogen concentration. The mechanism
is predominantly hydrophobicity-driven. The conversion of fibrinogen into fibrin increases the
hydrophobicity of the paper. Therefore, when the blue dye reaches this hydrophobic zone, its contact
angle with the paper increases significantly and wicks at a much slower rate. This decreases the wicking
length after 30 s. The amount of fibrin present on paper dictates the extent of hydrophobicity (in this
hydrophobic zone), which controls the wicking lengths reached by the dye droplet. There is a clear and
reproducible correlation between the length that the droplet wicks along each paper strip and the plasma
fibrinogen concentration. The discovery forms the concept of a hand-held diagnostic for measuring
plasma fibrinogen concentrations in blood.

The test was diagnosed using three different healthy plasma samples. Each sample of plasma was pooled
from at least fifteen different donors and citrated. The test’s sensitivity was compared to an automated
Clauss assay (Stago STA® Fibrinogen 5). Finally, the effects of haemolysis, acidosis, alcohol, heparin,
warfarin and dietary lipids as well as surrounding temperatures and humidities were also compared.

86



0 g/L Fibrinogen

3.2 g/L Fibrinogen

Paper strip

Plasma +
Thrombin added
to strip

(Zone of
hydrophobicity
formed)

!!

Blue Dye added
after30s

Wicking length
measured after 30
s

fibrinogen (3.2 g/L).

Figure 17: Summary of wicking test for plasma
samples without fibrinogen (0 g/L) and with

87



[e) IO Rr Y V]

~N

10

11
12
13
14
15
16
17
18

3.1. Comparison Between Plasma Samples

—m— Plasma 1
3 - =— Plasma 2
B
\E)P‘ p
£
(.
S 2
3 -
(.
c
£
o 1
<
1 S
I
1 4 ] J 1 ¥ | ' 1
0 1 2 3 4

Fibrinogen Concentration (g/L)

Figure 18: Testing of plasma samples with different fibrinogen concentrations. Plasma from samples 1 and 2 contained 2.8 g/L and 3.3
g/L fibrinogen respectively before they were diluted with defibrinogenated plasma to different fibrinogen concentrations. Each data-
point was tested three times and the mean and standard deviations are reported.

Different plasma samples were experimented with to verify whether the test varies between healthy
individuals. Results are shown in Figure 18 and 19.

Plasmas from two different samples were artificially made to different fibrinogen concentrations by
diluting with defibrinogenated plasma. The wicking length on paper was then measured.

This experiment was performed in triplicates and the average and standard deviation are reported in
Figure 18. Each trendline was created from the normal and defibrinogenated plasmas of a single sample.
For example, the Plasma 1 trendline featured the dilution of plasma sample 1 with defibrinogenated
plasma created from plasma sample 1. There are two observations of interest. First, a non-linear
relationship is observed for both curves. Fibrinogen concentrations below 2 g/L displayed optimal
sensitivity, as denoted by the strong gradients of the curves. Second, no variability is observed between
the curves. The sample the plasma is sourced from does not impact wicking length. The use of
defibrinogenated plasma as an appropriate dilutant is shown in Supplementary Figures 17 and 23.
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Figure 19: Testing of normal plasma from three samples. Citrated plasma from samples 1, 2 and 3 contained 2.8 g/L, 3.2 g/L and 3.3 g/L
fibrinogen respectively. Each plasma was tested up to twenty times. The normal range (ie. mean * standard deviation) is denoted by the
solid block, the total range (ie. range of entire set of data) is denoted by the line bars.

Plasma from three different samples was tested without dilution. Each sample was tested up to twenty
times and the normal range (solid block) and total range (line bars) are reported in Figure 19.

Two observations are present. First, there is a clear relationship between plasma fibrinogen concentration
and wicking length. Plasma samples of higher fibrinogen concentrations wick less. Second, even non-
optimal fibrinogen concentrations (ie. above 2 g/L) still produced a clear difference in wicking. This is
demonstrated by the non-overlapping normal ranges between the 2.8 g/L fibrinogen sample and the other
two samples. Therefore, plasma samples in the optimal fibrinogen concentration range (ie. below 2 g/L)
are unlikely to overlap at all.

3.2. Comparison to Clauss Assay
The sensitivity of the paper test was compared to a hospital grade automated Clauss assay (Stago STA®
Fibrinogen 5). Plasma from sample 1 (fibrinogen concentration: 2.8 g/L) was diluted to 1.4 g/L and 2.1 g/L
fibrinogen with defibrinogenated plasma. Each sample was tested in triplicate on both the paper test and
the Stago STA® Fibrinogen. An analysis of variance was then performed to quantify the ability of each
assay to distinguish between the three concentrations.

The t-value was used as the metric for the Analysis of Variance. It quantifies how well both devices could
distinguish a 1.4 g/L (low) fibrinogen sample from a 2.1 g/L (borderline-normal) fibrinogen sample as well
as a 2.1 g/L sample from a 2.8 g/L (normal) sample. The higher the t-value, the greater the sensitivity
between two fibrinogen concentrations. Results are shown in Figure 20. The Clauss assay displays greater
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sensitivity in samples across all fibrinogen concentrations. An example showing how the t-value is
calculated is provided in Table S11.

Bl L ateral Flow Test
B Clauss Assay

t-value

1410219/l 2.1t02.8¢g/L
Fibrinogen Concentration (g/L)

Figure 20: Analysis of variance between the horizontal wicking assay and the automated Clauss assay (Stago STA® Fibrinogen 5).
Defibrinogenated plasma from sample 1 was made to different fibrinogen concentrations and tested on both diagnostics. Samples (1.4,
2.1 and 2.8 g/L) were tested on each diagnostic three times. The means and standard deviations were taken from each diagnostic and
used to calculate the t-values across a range of fibrinogen concentrations.

3.3. Patient Condition: Effect of Chemical Substances in Plasma

Patients requiring the measurement of blood fibrinogen concentration might be on anticoagulants, have
drunken alcohol, or suffer from high cholesterol. These conditions should not affect the test. Extreme
plasma concentrations of heparin, warfarin, alcohol and dietary fats were therefore all tested individually
to observe whether they impact on wicking distance. These substances were added to defibrinogenated
plasma to determine whether they influenced the blue dye migration rate. These additives were also
added to normal plasma to investigate if they interfere with the fibrin formation process and subsequent
wicking impedance. Each substance was tested five times in both defibrinogenated and normal plasma
and the mean and standard deviations are reported in Figure 21.

Two observations are noted: 1) No substance alone affects the blue dye migration rate (as shown in the
top graph). It was hypothesised that triglycerides would at least impair the wicking of defibrinogenated
plasma due to its hydrophobic properties. However, this is not the case. 2) Heparin is the only substance
to diminish the level of fibrin formation and cause further migration of blue dye than expected (as shown
in the bottom graph). This is due to its ability to inhibit already activated thrombin. Heparin can activate
the plasma protein anti-thrombin, which in turn can inhibit thrombin. This can drop the thrombin activity

90



O 00N O Ul B WN -

N NNNRRRRBRRBRRRR R
W NPRFR, OOV NOGOOULPdD WN L O

and subsequentially the amount of fibrin formed. Although both warfarin and alcohol can act as anti-
coagulants, they cannot do so by inhibiting active thrombin. For example, warfarin exerts its effects by
inhibiting the vitamin K dependent synthesis of coagulation factors in the liver (including thrombin, factor
VII, IX and X).
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Figure 21: Testing of different substances on defibrinogenated plasma (top) and normal plasma (bottom). Each substance was tested
five times in both plasmas. The means and standard deviations are reported accordingly.
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3.4. Effect of Acidosis

Acidosis is commonly present in heavily bleeding patients. It results from the build-up of lactic acid due to
insufficient blood flow to the tissues. Acidosis is fatal as it impairs coagulation when the blood pH drops
below 7. The pH of normal plasma was decreased by mixing it with small volumes of concentrated
hydrochloric acid and subsequentially measuring the pH with a pH meter. The initial pH of the normal
plasma was 7.6. The effect of acidosis was observed by dropping the pH of the plasma to three key levels:
7.3 (moderate acidosis), 7.1 (critical acidosis), 6.9 (fatal acidosis). Each pH was tested five times and the
mean and standard deviations are reported in Figure 22.

The effect of acidosis is insignificant. At moderate acidosis levels, no effect is observed. However, at
extreme levels a small decrease in wicking length is noted. To validate whether this small decrease was
due to the drop in pH or increase in chloride ion concentration, sodium chloride was also added to pH 7.6
plasma. No difference is shown between the pH 7.6 or pH 7.6 + NaCl plasmas, verifying that the effect is
solely pH driven.

The effect of acidosis and increase in osmolarity was also observed in defibrinogenated plasma (result not
shown). No effect is observed by decreasing the pH or increasing the sodium chloride
concentration.
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Figure 22: The effect of acidosis on normal plasma was tested five times. The means and standard deviations are reported accordingly.
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3.5. Effect of Haemolysis
The destruction of red blood cells commonly occurs in bleeding disorders such as disseminated
intravascular coagulation. The resulting effect is the release of haemoglobin into the plasma. Plasma
haemoglobin concentrations above 0.5 g/dL are classified as severely haemolysed.

The release of haemoglobin can increase the viscosity of the plasma. Therefore, the effect on the blue dye
migration rate was observed. Haemoglobin concentrate was created by lysing red blood cells. Its
haemoglobin concentration was then quantified. Normal and defibrinogenated plasmas of different
haemoglobin concentrations were made by mixing different quantities of haemoglobin concentrate into
the plasma samples. Each concentration was tested four times and the mean and standard deviations are
reported in Figure 23.

3 4

Wicking Length (cm)
N

—_
|

0g/L 0 g/L 0glL 2.8 g/L 2.8 g/L

0 g/dL 0.9 g/dL 1.8 g/dL 0 g/dL 1.8 g/dL
Haemoglobin Haemoglobin Haemoglobin Haemoglobin Haemoglobin

Figure 23: The effect of haemolysis on defibrinogenated (0 g/L) plasma and normal (2.8 g/L) plasma was tested four times. The means
and standard deviations are reported accordingly.

94



3.6. Effect of Temperature and Humidity
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Figure 24: The effect of humidity on defibrinogenated (0 g/L) plasma and normal (3.2 g/L) plasma was tested four times. The temperature
was kept constant at 23°C. The means and standard deviations are reported accordingly.

Because critical bleeding can occur anywhere in the world, the test was experimented at different
humidities (Figure 24) and temperatures (Figure 25). This is because humidity and temperature affect the
mechanical and structural properties of paper.

Experiments at 50% relative humidity were performed in a temperature and humidity-controlled room. A
desiccator cabinet filled with silica gel was used to drop the relative humidity to 30%. Defibrinogenated
plasma was used to test the direct effect humidity had on the blue dye migration rate due to drying.
Normal plasma was used to test the effect humidity had on fibrin formation. Each condition was tested in
qguadruplets in both defibrinogenated and normal plasma and the mean and standard deviations are
reported in Figure 24,

No difference in wicking length for either the defibrinogenated or the normal plasma is observed (Figure
24).

Experiments at different temperatures were performed using a temperature incubator. Four
temperatures were tested: cold (7°C), temperate (23°C), hot (36°C), and extremely hot (44°C).
Defibrinogenated plasma was used to test the direct effect temperature had on the blue dye migration
rate due to viscosity changes. Normal plasma was used to test the effect temperature had on fibrin
formation. Each condition was tested in quadruplets in both defibrinogenated and normal plasma and the
mean and standard deviations are reported in Figure 25.
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Figure 25: The effect of temperature on defibrinogenated plasma (top) and normal plasma (bottom) was tested four times. The means
and standard deviations are reported accordingly. The relative humidities for each temperature condition are summarised in the
Appendix.
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Two observations are noted. 1) The blue dye wicking rate is unaffected by cold to hot temperatures, but
slightly increases at extremely hot temperatures. 2) The fibrin formation is unaffected by cold to moderate
temperatures, but is affected by hotter temperatures.
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4. Discussion

4.1. Impact

In this study, we have developed the first ever paper based hand-held test for diagnosing
hypofibrinogenemia. Clear results can be obtained in only a minute. Therefore, it can strongly reduce the
time to treatment before fibrinogen replacement therapy. As discussed in our first study (199), the test
predominantly works on the basis of hydrophobicity. When plasma and thrombin react with each other
on paper, they convert fibrinogen into fibrin. This creates a zone of hydrophobicity. When the droplet of
blue dye is applied onto the strip, the zone of hydrophobicity retards its capabilities to wick through the
paper strip (199). The amount of fibrinogen present dictates the magnitude of the hydrophobicity.
Therefore, the plasma fibrinogen concentration can control the rate at which the blue dye can wick down
the strip. This is modelled through the Lucas-Washburn equation which states:

rt cos 6
[ = [Yteos?
2n

(2)

where L = length, y = surface tension, r = pore radius of paper, n = blue dye viscosity, t = wicking time and
0 = contact angle between blue dye and paper. The zone of hydrophobicity increases the contact angle
between the wicking front of the blue dye and the paper surface. Therefore, it decreases the length that
the blue dye wicking front can travel through the strip. This means that the plasma fibrinogen
concentration can dictate the length of the wicking front as demonstrated in Figure 17.

This study has achieved two objectives over the previous study (199). The first is by successfully replacing
the infinite reservoir in the vertical wicking test for a step where a droplet of blue dye can be applied by
hand. The second is by creating a horizontal setup that can distinguish physiologically relevant plasma
fibrinogen concentrations from each other and accurately measure them. Furthermore, a blue dye wicking
time of only 30 s is required to provide clear results. This is significantly better than the 7 min wicking time
previously needed for the vertical wicking test. This means that the new test can be engineered into a
portable hand-held device and has the potential to save more than two million lives worldwide every year
(174, 191-196).

Although the plasmas tested were artificially diluted to different fibrinogen concentrations, the paper
diagnostic shows optimal sensitivity below 2 g/L fibrinogen, the range of clinical interest (Figure 18). The
results are very reproducible. These trends are consistent with those observed with the vertical wicking
test (199). This new methodology can rapidly identify whether a bleeding patient has a blood fibrinogen
concentration below 2 g/L or not. It can also distinguish cases of mild hypofibrinogenemia (1.5-2 g/L) from
severe hypofibrinogenemia (<0.5 g/L).

This new test is unaffected by the source of plasma. The trendlines generated in Figure 18 were created
from the normal and defibrinogenated plasmas of two different citrated plasma samples. They show clear
similarity to each other. Furthermore, undiluted plasma from all three healthy plasma samples were
tested twenty times each (Figure 19). The plasmas containing 3.2 g/L and 3.3 g/L fibrinogen do not show
noticeable separation. On the other-hand, the plasma containing 2.8 g/L fibrinogen wicks further than the
other two similarly concentrated plasmas. This means that the wicking length is controlled only by the
plasma fibrinogen concentration in healthy individuals.
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4.2. Performance
The paper test was compared to a hospital-grade automated Clauss assay (Stago STA® Fibrinogen 5). Even
though the paper test has a lower sensitivity than the hospital grade Clauss assay (as shown in Figure 20),
it still possesses five important advantages over other hospital grade assays that make it particularly
suitable for emergency situations.

First, the test can be transported easily to a patient. This makes it suitable as a point of care device.
Whereas, other hospital grade assays require bulky and heavy table-top systems dedicated to a laboratory
environment. Second, the paper test clearly works within the physiological range of plasma fibrinogen. In
contrast, other hospital grade assays including Clauss assays require up to 1:30 times dilutions to achieve
clear results (98). As the paper test does not require pre-dilutions, it saves a considerable amount of time,
complexity and reduces human errors. Third, the paper test can be performed immediately at room
temperature. However, other hospital grade assays require that the blood or plasma sample be pre-
warmed at 37 °C for 4—6 min before the assay starts (221). Given the urgent situation of critical bleeding,
these pre-incubation times are disturbing. Fourth, hospital grade assays require complicated endpoint
determination techniques to identify when clot formation has occurred (222). The endpoint refers to the
point of time when fibrin formation has completed. For example, the Stago STA® Fibrinogen 5 detects
when fibrin formation has been completed by monitoring the motion of metal ball bearings. A metal ball
bearing is added to the plasma sample once the assay has started and is allowed to move around with the
aid of magnets. The formation of fibrin impedes the movement of the ball bearing. The moment the ball
bearing stops moving is when fibrin formation is completed. However, this requires complicated
apparatus such as ball bearing dispensers, applied magnetic fields and detectors to achieve this. However,
as the paper test measures the fibrinogen concentration after 30 s of wicking, it takes out the requirement
for endpoint determination altogether. Finally, the machine requires a computer screen to display
fibrinogen concentration readings. On the contrary, the paper test is interpreted directly unassisted to
the naked eye.

Given that clinics utilise the same fibrinogen replacement therapy procedures once they find a patient has
below 2 g/L plasma fibrinogen, further sensitivity below those values is not as important. Therefore, this
test is better suited for diagnosing hypofibrinogenemia than typical hospital grade assays.

4.3. Adaptability

Since the paper test could successfully measure plasma fibrinogen concentrations in healthy individuals,
we also quantified the effect that important physiological and pharmaceutical conditions can have on the
test. We looked at those most likely to cause deviations away from the results expected with healthy and
defibrinogenated plasmas. This included anticoagulant drugs, alcohol, dietary lipids, acidosis and
haemolysis (Figure 21, 22 and 23). Furthermore, because the test is suitable as an outdoor point of care
device, we also tested the effects of different temperatures and humidities (Figure 24 and 25). Only
conditions known to alter thrombin activity affect the test. Heparin exerts the most potent effect.
However, extreme heat does negatively affect the test also.

Anticoagulant drugs such as heparin and warfarin are used during and after cardiac surgery to prevent

acute coronary syndrome. Warfarin is preferred over heparin due to its ability to be administered orally
and its longer half-life. However, warfarin takes longer to exert its effect (223). Therefore, heparin and
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warfarin are both initially used for the first five days to prevent anticoagulation (224). Once
anticoagulation has stabilised, then heparin therapy is discontinued and patients can continue taking
warfarin.

Heparin is clinically used as either unfractionated heparin or low molecular weight heparin. Because
unfractionated heparin has a much greater inhibitory effect on thrombin, it was used in this study (225).
Furthermore, the use of unfractionated heparin also indicates how other pathophysiological thrombin
inhibitors - such as fibrin/fibrinogen degradation products - or other thrombin inhibiting anticoagulants -
such as direct oral anticoagulants - might behave (226). Clinical target therapeutic concentrations of
heparin in plasma are as high as 0.7 U/mL (227). Therefore, we added heparin in healthy plasma to that
concentration and quantified its effect. The effect of heparin is significant (Figure 21 - bottom graph).
When compared to a healthy plasma sample of 2.8 g/L fibrinogen, the heparin causes an extra 5 mm of
further wicking. From Figure 18, this correlates with a reading of roughly 1.5 g/L fibrinogen. The inhibitory
mechanism of heparin on thrombin is well documented. Heparin binds to the enzyme anti-thrombin and
activates it. This in turn inactivates thrombin (228). Given that the amount of thrombin used in the paper
test was not in huge excess, the inhibitory effect is not surprising. The inhibitory effects on thrombin (of
heparin or other inhibitors) can be fixed through several means. The simplest solution is by using higher
thrombin concentrations for sufficient competition.

Likewise, we added 3 mg/L warfarin to healthy plasma as it is the upper threshold of clinical target
therapeutic concentrations. However, no effect is observed (Figure 21). This is expected as warfarin does
not form inhibitory complexes with thrombin like heparin does. Instead, its mode of action is to prevent
the vitamin K dependent liver synthesis of coagulation factor precursors into their active forms, including
thrombin (229). Given that the thrombin adsorbed on the paper strip is already active, warfarin cannot
exert any effect on it.

High blood alcohol concentrations are problematic in situations such as drink-driving traffic accidents. This
represents a significant cause of trauma. In 2017, Mitra et al. reported that 16% of trauma patients
involved in traffic accidents on Australian roads had blood alcohol concentrations above 0.05 g/dL (230).
Ethanol is known to impair the initial clot formation time but has no reported effect on thrombin (231).
We tested plasma mixed with four times the Australian legal driving limit of 0.05 g/dL blood alcohol
concentration. However, we observed no effect compared to healthy plasma (Figure 21). This means that
the test is unaffected by alcohol.

In our first manuscript we concluded that the mechanism behind the test is largely hydrophobicity driven.
Therefore, we wanted to assess wherever blood lipids exerted their own effect on blue dye wicking. This
is because blood lipids have hydrophobic components that may impede wicking if concentrations get too
high (232). Triglycerides make up 50% of all plasma lipids in the healthy population. Normal baseline
triglyceride concentrations do not exceed 150 mg/dL. However, in cases of very severe
hypertriglyceridemia, they can exceed 1000 mg/dL (233). When we add 1250 mg/dL of triglycerides to
defibrinogenated plasma, we do not observe any changes in results (Figure 21). This indicates that plasma
lipids do not impact on wicking.

Acidosis is another complication in heavily bleeding patients. It is caused by the build-up of lactic acid from
anaerobic metabolism due to decreased blood flow and oxygen delivery to tissues (234). Because the
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healthy plasma samples used were citrated, their pH levels were recorded to be 7.6. By adding
hydrochloric acid to healthy plasma, we dropped its pH from 7.6, to 7.3 (mild acidosis), 7.1 (critical acidosis)
and 6.9 (fatal acidosis). When the pH is dropped to 7.3, no difference in wicking is observed when
compared to a pH of 7.6 (Figure 22). This means that the test can adapt to blood pH levels between those
two values. However, when the pH is dropped to fatal levels, a small decrease in wicking length - averaging
roughly 0.5 mm - occurs. To verify wherever this effect is due to the drop in pH or the increase in chloride
ions, sodium chloride was also added to healthy plasma. The added sodium chloride does not impede
further wicking, thus confirming that the slight decrease in wicking is pH driven. Although the effect is
insignificant, it is likely because thrombin works optimally at a pH of 6.5 (235). Hence, low blood pH can
enhance thrombin activity and further impair wicking.

Microangiopathic haemolytic anaemia is a common symptom in bleeding disorders such as disseminated
intravascular coagulation. Vessel rupture and fibrin deposition is thought to cause the formation of
abnormal flow channels and hence the mechanical destruction of red blood cells (RBCs). This results in
RBCs releasing their cytosolic contents into the plasma (including haemoglobin) (236). As haemoglobin is
alarge and globular protein, it was hypothesised that increasing the haemoglobin concentration in plasma
would also increase its viscosity. Hence, it may have perturbed blue dye wicking. Severe haemolysis is
diagnosed when plasma haemoglobin concentrations rise above 0.5 g/dL (237). When defibrinogenated
plasma samples are made to 0.9 g/dL haemoglobin, no impediment in wicking is observed (Figure 23). It
is only when the plasma haemoglobin concentration is made to 1.8 g/dL - a concentration extremely rarely
reached (237) - that an insignificant wicking perturbation is observed. Furthermore, the addition of
haemoglobin does not affect the wicking of normal plasma - proving that it has no impact on fibrin
formation. Therefore, the test is unaffected by clinically relevant levels of haemolysis.

Traumatic injury can occur in different geographical environments around the world. These environments
can all have different weather conditions. Therefore, we measured the effect of temperature and
humidity on the test. We originally hypothesised that dropping the humidity would hasten drying and
hence retard wicking. However, Figure 24 shows that no effect is observed when the humidity is dropped
from 50% to 30%. Likewise, we also hypothesised changing temperature would exert two different effects.
One was that increasing temperature would decrease blue dye viscosity and cause further wicking. The
other was that either increasing or decreasing the temperature to extreme values would decrease
thrombin activity and cause further wicking. Figure 25 (top graph) shows that the blue dye wicking rate
on its own is insensitive to temperature change. Furthermore, Figure 25 (bottom graph) demonstrates
that fibrin formation is unaffected at low to moderate temperatures. However, at high temperatures,
fibrin formation is perturbed and further wicking occurs. This can lead to fibrinogen readings being falsely
low. A solution is to use a correction factor based on the ambient temperature the test is performed at.
Alternatively, a means to protect the test from extreme heat can also be used. Otherwise, the test is
suitable in a wide range of different weather conditions and locations around the world.

4.4, Limitations
The main limitation of the paper test is the distribution of plasma and thrombin evenly through the paper
strip. When the fibrinogen in plasma reacts with thrombin on paper, it forms a fibrin network that perturbs
the wicking of the blue dye. However, when the fibrinogen and thrombin are not perfectly distributed on
paper, it creates areas of unreacted plasma. Because these areas are more hydrophilic than the
surrounding fibrin network, the blue dye travels through them preferentially and wicks further than
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expected. This is demonstrated in Supplementary Figure 16. Initially, we intended to add the thrombin
onto paper first and then add the plasma on top of the thrombin afterwards. However, the plasma would
frequently push the thrombin out of its way instead of mixing with it. This created results that were
difficult to reproduce. Therefore, a means to keep the thrombin in place (such as enzyme immobilisation
on paper) is needed for the test in the future. However, our solution to this issue for this study was to pre-
mix the plasma with thrombin before applying to paper. The pre-mixing caused extra limitations in our
study.

First, the concentrations of thrombin we used had to be low (30 U/mL) to provide enough time to mix
with the plasma and apply to the paper before it could clot. We tried using concentrations of 600 U/mL
(similar to that of a Clauss assay) (20). However, it causes the plasma to clot immediately in the pipette
tip before it could be applied to paper. Additionally, the low thrombin concentrations used in the test may
be the reason why the test did not work with therapeutic unfractionated heparin concentrations. By
finding a way to remove the pre-mixing step, we may be able to react the plasma uniformly with higher
thrombin concentrations on paper.

Second, the mixed plasma has to be applied evenly across the width of the strip. If the mixed plasma is
added to one section of the strip, it creates a gap surrounding the fibrin network for the blue dye to easily
go through. Hence, the blue dye wicks further than expected as shown in Supplementary Figure 16. In
our methodology, we fixed this issue by pipetting approximately one third of the mixed plasma on the
left-hand side, one-third on the right-hand side and the other third in the centre of the strip. Because
pipetting technique varies from individual to individual, a means of distributing the plasma evenly across
the strip is needed for the test.

The resulting fibrin network formed on the strip is fragile and susceptible to damage from excessive shear
stresses. Therefore, the velocity of the blue dye has to be controlled as it wicks through the network. In
this study, we achieved this through three mechanisms. 1) By expanding the width of the dye pad
(see Supplementary Figures 19 and 20). 2) By adding the blue dye from the bottom of the dye pad (to
provide settling distance between the dye and the fibrin network). 3) By adding the blue dye slowly over
a period of 10 s. Performing the test with this technique does not create outliers.

Our study was also limited by the choice of plasma reagent. We worked with platelet-poor citrated plasma
of healthy donors. This was because no extra substances were added into the plasma samples that could
affect wicking rates or thrombin activity. Hence, we can claim that the results observed in Figure 19 are
due only to fibrinogen concentration. However, as these samples were derived from healthy donors with
minimal modifications, the fibrinogen concentrations were all around 3 g/L. Therefore, they had to be
artificially diluted in defibrinogenated plasma to reach the desired fibrinogen concentrations for testing.
The use of defibrinogenated plasma as an appropriate dilution medium is validated in Supplementary
Figures 17 and 23. These results support the hypothesis that the trend observed in Figure 18 would be
similar if we used unmodified plasma samples of different concentrations instead.

We did not have access to samples from patients already containing the substances tested in Figure 21.
Therefore, we added those substances into normal and defibrinogenated plasmas instead. Whilst most of
these substances exert a direct effect in the plasma, warfarin does not. Instead, warfarin inhibits the
synthesis of coagulation factors in the liver. This normally takes up to five days to have an effect. Whilst
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warfarin is shown not to impact the test, further work is needed to determine whether the plasma of a
patient on warfarin for five days produces the same effect. In this study, we used thrombin concentrations
similar to a thrombin time assay (ie, 30 U/mL). As it is known that any depletion of endogenous thrombin
(due to the effects of warfarin) does not impact a thrombin time assay, we assume this diagnostic will not
be impacted by it either.

Finally, the effects of dysfibrinogenemia were not considered in this study. We assumed that if a patient
suffered from dysfibrinogenemia and their fibrinogen could not react with the thrombin in our test, then
it could not react with the thrombin in their plasma either. Hence, they would need fibrinogen
replacement therapy anyway. Whilst there are some types of dysfibrinogenemia that cause thrombosis,
Korte et al. found that there was no definitive evidence to suggest that fibrinogen replacement therapy
increases the risk of thrombosis in these patients (238). Therefore, we prioritised the development of a
diagnostic that could measure the concentration of clottable fibrinogen as opposed to total fibrinogen.
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5. Conclusions

In this study, we have developed a rapid, hand-held paper-based diagnostic for measuring fibrinogen
concentrations in human plasma. The test can provide a result within a minute. This time is suitable for
facilitating fibrinogen replacement therapy. The test has optimal sensitivity for fibrinogen concentrations
below 2 g/L - the critical diagnostic concentration - and shows reproducibility between healthy individuals.
Whilst the diagnostics does not have the same sensitivity as a hospital-grade automated Clauss assay, it
is portable, much faster, requires no plasma pre-treatment, pre-incubation or clot formation detection
mechanism and has a simple visual readout. The test can also withstand common blood conditions such
as acidosis, blood alcohol, severe hypertriglyceridemia, severe haemolysis and warfarin administration.
Finally, the test is unaffected by humidity and can withstand cold temperatures. This makes it suitable as
a point of care diagnostic to detect hypofibrinogenemia early - both inside and outside of the hospital
setting. Therefore, it can greatly reduce the time to treatment needed for fibrinogen replacement therapy
and save more than two million lives a year.
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Supplementary Data
3.1.Test Setup:

2 = B

Falcon tube holder to support test setup over table-top.

Spacing between Falcon Tube holders enough to make paper strips
appear flat to video camera

e

Magnets hold paper strip cut-out in place onto the underlying steel bars

Supplementary Figure 12: Test setup used to record experiments with.
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3.2.Paper Strip Cut-Out:

' ' ' ' 14 | ' ' ' | ' ' ' ' ' ' | ' ' '
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Wax Application  Wax Crye Application
Foe Boundary Cye Fad Zona

i3

Supplementary Figure 13: Cut-out of Paper Strips showing dimensions, markings and locations chemicals are pipetted onto the paper. The paper strip cut-out stencil was drawn on
CorelDRAW X6 and a 60 Watt Epilog Helix was used to laser cut the paper.
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3.3.Manual Camera Setup:

In order to capture videos which manually focussed on the strip’s markings, ProMovie was used on
an iPhone 6. The zoom was adjusted to 3.00 X to get maximum zoomage and the focus was changed

until the markings on the paper strips could be clearly seen.

The videos recorded could then be screenshotted and used for analysis on Image).

P
00:00:00 —02h 04m 22.9G ’@J # 99% EV07.4 ZOOM

+

Remove

Watermark
ONLY

$4.49

@ 37 75 Soorew o1 | B0
| RN RN [ W | SHUTTER 1ISO WB FOCUS ydelel\

Supplementary Figure 14: Settings on ProMovie used to manually focus and zoom on the paper strip’s markings.
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3.4.Measuring Process:

0 g/L Fibrinogen

3.2 g/L Fibrinogen

1. Take
Screenshot 30
seconds after
blue dye is
applied to
strip

2. Download
image on
computer and
open on
Image J

4K 2160x3840 @ 30 FPS 48kHz AAC Mono 24 Mbps 682 M

4K 2160x3840 @ 30 FPS  48kHz AAC Mono 24 Mbps 802 M

3. Invert

-01:14

4K 2160x3840 @ 30 FPS 48kHz AA

CMono 24 Mbps 802 M
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4,

Flip 90° Right

109




5. Zoom into
strip to be
analysed

6. Draw box
from 0 cm
marking to

marking
rounded up
from wicking
front.

7. Take note of
0.5cm
marking
selected and
number of
corresponding
horizontal
pixels
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Distance (pixels) Distance (pixels)
LHS: x - 245 pixels; y — 109.0 Gray Value LHS: x - 73 pixels; y — 99.8 Gray Value
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corresponding
x-point of
median gray 190 140
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of the wicking %‘100 % 100
front. @ °
80
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X midpoint = 75 pixels
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11. Convert pixels
into cm

Length =

250 Pixels

— X
270 Pixels

Length =2.8cm

3cm

75 Pixels

— X
90 Pixels < L™

Length =

Length = 0.83 cm

Supplementary Figure 15: Step by step process of calculating wicking length on Image J.
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3.5.Distribution of Plasma on Strip:

Uneven Distribution

Supplementary Figure 16: Difference between even and uneven distribution of plasma across strip. The evenly distributed plasma was
added as suggested in method section. The unevenly distributed plasma was added only on the right-hand side of the strip.
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3.6.Calculating t-value:

To calculate and compare the sensitivity of the paper test and the automated Clauss assay between 2
concentrations, the t-value was used. The equation for the t-value is given below:

C; —C1
t — value =

0'22 0'12

N2 Ny

Where:

¢, = meanreading of sample 1
¢, = meanreading of sample 2
o, = standard deviation of sample 1
0, = standard deviation of sample 2
N, = number of repeats done for sample 1

N, = number of repeats done for sample 2

The higher the t-value, the greater the sensitivity between 2 concentrations.

Calculations are provided below to find the t-values between a sample with a fibrinogen concentration of
1.4 g/L (Sample 1) and 2.1 g/L (Sample 2).

Table S11: Calculations of t-value for paper test and Clauss assay between a sample with 1.4 g/L fibrinogen and a sample with 2.1 g/L
fibrinogen.

Paper Test Clauss Assay
Sample 1 - Sample 2 - Sample 1 - Sample 2 -
Wicking Wicking Clot Clot
Distance (cm) | Distance (cm) Formation Formation
Raw Data 1.50 1.07 Time (s) Time (s)
1.59 1.18 26.5 17.4
1.49 1.11 28.1 17.0
27.1 16.9
Sample 1 Sample 2 Sample1l | Sample 2
c 1.53cm 1.12 cm Cc 27.1s 17.1s
Statistics o 0.0551 cm | 0.0557 cm o 0.808 s 0.265s
N 3 3 N 3 3
t-value 15.6 20.6

As 20.6 > 15,6, the Clauss assay has a greater sensitivity between the two samples than fibrinogen does.




3.7.Wicking of Defibrinogenated Plasmas vs Serum:

The defibrinogenated plasmas produced to create the dilutions necessary for Figure 18 were compared
to 3 donated serums from the Australian Red Cross. The serums were used to determine wherever the
defibrinogenated plasma samples mimicked the properties of afibrinogenemic plasma samples well
enough.

Serum is plasma with the clotting factors taken out. Blood samples from donors were collected, allowed
to clot and centrifuged to collect the serum. As all the fibrinogen had been clotted off, the serum
contained no fibrinogen. However, because it had clotted, it also contained fibrin/fibrinogen degradation
products which inhibited thrombin. Therefore, it was not suitable to dilute the normal plasma samples
with.

Wicking Length (cm)
N

-
1

Defibrinogenated Defibrinogenated Serum 1 Serum 2 Serum 3
Plasma 1 Plasma 2

Supplementary Figure 17: Testing of defibrinogenated plasmas and donated serum. Each sample was tested 3 times. The means and
standard deviations are reported accordingly.

Defibrinogenated plasma samples wicks to the exact same lengths as donated serum samples, indicating
that the contents of both samples are similar.

As the 2 defibrinogenated plasmas wicked similarly to the 3 serum samples, they were suitable to dilute
the normal plasma samples in.

Furthermore, as the 3 serum samples themselves wicked similarly, afibrinogenemic plasma exerts no
direct effect on wicking.
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3.8.Design of Dye Pad:

>
o
1

w
o
1

N
()
L

Wicking Distance (cm)
o
|

—a— 3 mm dye pad
—e— 5.5 mm dye pad
—4A— 8 mm dye pad
—v— 17.5 mm dye pad

Fibrinogen Concentration (g/L)

Supplementary Figure 18: Testing of different dye pad widths. Approximately 4 uL per mm dye pad width of blue dye was added to each
strip and allowed to wick for 30 s. Each substance was tested 4 times in both plasmas. The means and standard deviations are reported

accordingly.

A dye pad was introduced to control the flow of the blue dye through the fibrin network. To ensure that
the Lucas-Washburn kinetics was achieved across all dye pad widths, a pseudo-infinite reservoir was
required. This was achieved by adding a large enough volume of blue dye to attain this condition. Lucas-
Washburn kinetics was considered achieved when the 0 g/L fibrinogen data points achieved optimal
wicking after 30 s. In other words, if a larger blue dye volume was added to the strip, the 0 g/L fibrinogen
data point would not wick any further after 30 s. A table describing the volumes needed to obtain the
pseudo Lucas-Washburn kinetics for each dye pad width in Table S12 is given below; as a general rule, 4

pL per mm dye pad appeared to be enough:

Table S12: Blue dye volumes needed to achieve Lucas-Washburn Kinetics for each dye pad width used.

Dye Pad Width (mm) Blue Dye Volume (uL)
3 mm 12
5.5mm 18
8 mm 30
17.5 mm 70
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Wider dye pads allow for better fibrinogen concentration separation. We hypothesise that this is due to
2 reasons. 1) The fibrin network stretches out too linearly when the plasma and thrombin mixture is added
to the strip. This provides large, elongated gaps that the blue dye can travel through easily. 2) The plasma
and thrombin mixture wicks too close to the point where the blue dye is applied. This causes damage to
the network due to the excessive shear stresses applied on the resulting fibrin network by the blue dye.

The wider the dye pad is, the more laterally the fibrin network can spread over it. By achieving this, not
only can the fibrin network become more compressed (to minimise gaps), but it also can provide some
distance between the point at which the blue dye is applied and the fibrin network. Once the dye pad is
wide enough to allow the fibrin network to form a semi-circle on it, the separation between different
fibrinogen concentrations becomes maximised.

3.9.Effect of Wicking Time:

5 e
—a— 30 seconds
: —e— 60 seconds
~ 4
E »,
A
(O]
(]
& 3-
k%
a
(@)]
£
chl
1 -
1

1 2 3 4
Fibrinogen Concentration (g/L)

O -

Supplementary Figure 19: Testing of different wicking times. Plasma from sample 2 (containing 3.3 g/L fibrinogen) was diluted with
defibrinogenated plasma to different fibrinogen concentrations. Each data-point was tested 3 times and the mean and standard
deviations are reported.

To determine a suitable wicking time, wicking distances at 30 s were compared to wicking distances at 60
s. Times below 30 s did not provide clear separation for concentrations above 0.83 g/L.

Wicking at 60 s causes larger separation to occur between different fibrinogen concentrations. However,
it does so at the expense of higher standard deviations. When an analysis of variance is performed, the
30 s wicking interval produces equal or higher t-values, indicating better separability. Therefore, a wicking
time of 30 s was chosen for this study.
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I 30 seconds
I 60 seconds

1.65t02.2 g/L 2.2t03.3g/L
Fibrinogen Concentration (g/L)

Supplementary Figure 20: Analysis of Variance derived from the results of Supplementary Figure 19.
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3.10. Confirmation of Accurate Volumes:

Since the test in its current state uses a low plasma volume (3 pL), we confirmed whether the quantity
used was accurate by measuring the equilibrium stain size it formed on when added onto paper. Hertaeg
et al. found a linear relationship between the 2 parameters (218). The equilibrium stain size here was
defined as the final area occupied by the zone of hydrophobicity on the paper strips before blue dye was
added.

A visual summary over how the equilibrium stain size was calculated can be found in Supplementary
Figure 22.

The adding of 3 uL of plasma onto paper is very accurate and can easily be distinguished from volumes +1
uL.
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2 3 4
Plasma Volume (uL)

Supplementary Figure 21: Plasma Volume versus Equilibrium Stain Size on Paper. Each data-point was tested 4 times and the mean and
standard deviations are reported.
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Step Example

1. Zoom into strip on Image)

2. Draw polygon around zone
of hydrophobicity

pZ2ad  141.182 34

3. Measure Pixel Area

AREA = 6288 square pixels

4. Draw Line between
midpoint of 5 mm marking

b2EE 141182 34 179

2 a4 114621 794594 163439
5. Measure Length

LENGTH = 59 pixels (for every 5 mm)
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] 52 mm?
Area = 6288 square pixels X

6. Convert square pixels to

592 square pixels
mm?

, 52 mm?
Area = 6288 square pixels X

592 square pixels
Area = 45 mm?
Supplementary Figure 22: Step by step process of calculating Equilibrium Stain Size on Image J.

3.11. Wicking of Refibrinogenated Plasma:

Since the samples tested in Figure 18 were diluted with variable amounts of defibrinogenated plasma, it
needed to be verified that the trend observed was due to different fibrinogen concentrations and not due

to any antithrombotic effects that might have arisen during the heating of defibrinogenated plasma at
56°C.

Fibrinogen solutions in PBS were made according to the methodology provided by Bialkower et al. (199).
Fibrinogen solutions consisting of 64, 44, 32 and 22 g/L were created and subsequently diluted 1:20 in
defibrinogenated plasma from a single source.

Wicking Length (cm)
N

M
N N

o 12 3
Fibrinogen Concentration (g/L)

E\l

Supplementary Figure 23: Testing of defibrinogenated plasma from Sample 3 reconstituted with fibrinogen to different concentrations.
Each data-point was tested 3 times and the mean and standard deviations are reported.
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The trend observed in Supplementary Figure 23 is no different to the trend observed in Figure 18.
Fibrinogen concentrations were distinguishable over a physiologically relevant range. This indicates that
no anti-thrombotic effects occurred due to the heating of defibrinogenated plasma. Therefore, it was a
suitable to dilute plasma with.

Additionally, given that there has been no published information which states that there is an increase in
anti-clotting activity after plasma has been heated to 56°C (239, 240), we conclude that the trend
observed in Figure 18 is indeed driven by fibrinogen concentration.
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Chapter 4: Whole Blood Assay
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Abstract

The ability to diagnose and treat critically bleeding patients can save more than 2 million lives a year.
Diagnosing hypofibrinogenemia is essential in these patients. Recently, with the development of new
hand-held diagnostics, fibrinogen concentration can be measured rapidly at the point of care. However,
these diagnostics can only work with plasma and hence need blood cells to be separated before use. In
this study, we demonstrate a hand-held fibrinogen diagnostic that works with whole blood. The test works
by (1) forming a premixed droplet of a whole blood sample and thrombin solution on a solid surface, (2)
allowing it to clot, and (3) dropping a paper strip on top. The further that blood moves down the strip, the
lower the fibrinogen concentration. The diagnostic can easily measure plasma fibrinogen concentrations
below 1.6 g/L for blood samples with haematocrits between 40 and 50%. Furthermore, diluting blood
samples not only increases the test’s sensitivity but also eliminates the effect of haematocrit and thrombin
inhibitors. The test can be completed in 3-4 min, making it suitable for diagnosing early
hypofibrinogenemia and allowing for fibrinogen replacement therapy in critically bleeding patients.
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1. Introduction

This study aims to develop a rapid, hand-held paper diagnostic for measuring fibrinogen concentration
directly in whole blood. The diagnostic can take out the requirement of separating blood cells from plasma
that other hand-held fibrinogen diagnostics are limited by. Hence, it can eliminate the preparation time,
labour and transportation difficulties that traditional techniques like centrifugation have. The implications
for this diagnostic are significant. It can diagnose hypofibrinogenemia in critically bleeding patients
anywhere in the world. This can drastically reduce the time to treatment needed for fibrinogen
replacement therapy (FRT).

Critical bleeding can occur anywhere in the world. Outside clinics, trauma-induced major haemorrhage
causes 2 million deaths worldwide a year (174, 191-196). Hypofibrinogenemia (that is, insufficient
fibrinogen to enable effective clotting) in critical bleeding is common. McQuilten et al. identified that 21.2%
of major trauma patients had fibrinogen levels below 2 g/L. (197). Fibrinogen is one of the first proteins
to be depleted in critically bleeding patients (31). Therefore, the early diagnosis of hypofibrinogenemia
and FRT may stop bleeding in these patients and save their lives.

There are more than 60 tests that can measure fibrinogen concentration (89). However, most of these
tests can only work with plasma and not whole blood. This means that a way of separating blood cells
from plasma is needed before the diagnostic can be used. Typically, plasma is separated from blood cells
by centrifugation. Whole blood is collected in a tube and spun at 2000-4000g for 10 to 20 min. Afterward,
the plasma is collected and used. The centrifuge itself is a specialised instrument that requires a stable
environment and electricity to use. This is often impossible at the site of injury.

There are some tests that do use whole blood for diagnosing hypofibrinogenemia, the most notable of
which are viscoelastic haemostatic assays (VHAs) and DRIHEMATO (21, 198). VHAs measure fibrinogen
concentration through the difference in viscoelasticity (VE) of a blood sample before and after it has
clotted (21). Hypofibrinogenemia is diagnosed when the change in VE magnitude is low. The VE requires
well controlled, sensitive, and expensive electrical instruments to measure. Hence, VHAs cannot be
transported. DRIHEMATO measures fibrinogen concentration through the time taken for a blood sample
to clot (198). Thrombin (an enzyme that converts fibrinogen into fibrin - the backbone polymer found
within clots) is added to a blood sample to induce clotting. Longer clotting times are indicative of
hypofibrinogenemia. However, DRIHEMATO is also limited by prohibitively expensive items and electrical
equipment.

In our previous study, we developed a cheap, hand-held paper diagnostic for measuring the fibrinogen
concentration in blood (200). First, thrombin and plasma are added onto horizontally orientated paper
strips where the fibrinogen is converted into fibrin. This drastically increases the plasma’s hydrophobicity.
Second, an aqueous blue dye is pipetted onto the strips and allowed to wick through the fibrin. The
distance that the blue dye wicks through the strip correlates precisely to the fibrinogen concentration.
The diagnostic can provide results within a minute, and it can distinguish low fibrinogen concentrations
(i.e., <2 g/L) from normal fibrinogen concentrations. The diagnostic is not affected by blood conditions
such as acidosis, blood alcohol, hypertriglyceridemia, haemolysis, and warfarin administration. However,
like most other fibrinogen tests, the diagnostic is only able to work with plasma and not whole blood.

Therefore, a rapid, cheap, portable, and hand-held fibrinogen concentration diagnostic that works directly
with whole blood remains an outstanding and critical requirement.

In this manuscript, we develop a rapid and sensitive paper test that can work directly with whole blood.
The test works by forming a premixed droplet of whole blood and thrombin on a solid surface, allowing it
to clot, and finally placing a paper strip on top to visualise results. The further that blood moves down the
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strip, the lower the fibrinogen concentration is. We initially investigate (1) the contact angle that the
droplet requires for the test to work, (2) the time the reaction needs before completion, (3) the optimal
time the blood needs to wick for, and (4) the haematocrit required for the test to work properly. We then
observe the effect of dilution to determine whether it can improve the sensitivity of the test and minimise
the effect of haematocrit and thrombin inhibitors. We also provide insight on the mechanism behind the
test.

Finally, we demonstrate a hand-held prototype of the diagnostic applicable for point-of-care testing. It is
our objective to demonstrate the proof of concept of this new diagnostic so it may later be used clinically
to diagnose and treat early hypofibrinogenemia.
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2. Materials and Methodology

2.1. Materials
Tissue paper of 30 g/m? and 0.16 mm was used to create the paper strip cut-outs. They were produced in
the Kimberly Clark Experimental Forming Unit (EFU), Neenah (WI), USA. Tissues consist of eucalyptus
fibres formed with a three-layer headbox. 10 kg/T Kymene, a polyaminoamide-epichlorohydrin (PAE) wet
strength agent, was added to each layer. Tissues were moulded and thoroughly air-dried.

Two batches of citrated platelet-poor plasmas were sourced from Affinity Biologicals. One of these was a
fibrinogen-free plasma (FGDP), and the other was a normal plasma (FRNCP0105). Both lots derive from a
pool of 20 donors, buffered with 0.02 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer to stabilise the pH at around 7.4. The fibrinogen-free plasma batch had trace amounts of thrombin
added to it to remove all the available fibrinogen before the plasma is frozen at —-80 °C. No residual
thrombin or fibrinogen remained after the reaction. The normal plasma batch (which had a fibrinogen
concentration of 3.2 g/L) was frozen immediately at -80 °C. Ethylenediaminetetraacetic acid (EDTA)
anticoagulated donor blood tubes were sourced from the Australian Red Cross.

Ponceau 4R (from Queen red food colouring) was used to make the red dye (for colouring the plasma in
the plasma vs whole blood experiment). Brilliant Blue FCF (from Queen blue food colouring) was used to
colourise wicking fronts with poor visibility (in the testing of dilution). Thrombin (T8885), unfractionated
heparin (H5515), and phosphate-buffered saline (PBS) tablets (79382) were sourced from Sigma Aldrich.

MilliQ water was used to dissolve PBS tablets, reconstitute vials of thrombin, and perform Carstair’s
staining.

“Tubes PCR Strip Tubes 0.2 mL Thin Wall & Flat Caps” from Axygen were used as the tubes for mixing.
They are referred to as PCR tubes throughout the manuscript.

An iPhone 8 with the app ProMovie was used to record wicking. A Yellowstone 6000 Tripod was used to
hold the iPhone in place during recording. A Manfrotto Universal Smartphone Clamp was used to attach
the iPhone to the tripod.

Kinetic 12 mm x 10 m white standard thread seal tape (PTFE tape) was used to provide a hydrophobic
surface for beaded droplets to form on top. Westlab microscope glass slides (25 x 75 x 1.0-1.2 mm) were
used to provide a hydrophilic surface for unbeaded droplets to form on top (and for the PTFE tape to be
wrapped around). Menzel Glaser 22 x 22 mm coverslips were used to attach the PCR tube to the glass
slide for assembling the prototype diagnostic. Selley’s Power Grip glue was used to glue together the
prototype diagnostic.

Several reagents were used to perform Carstair’s stain. These can be found in the Supplementary Section
4.1.

2.2. Methodology

2.2.1. Paper Strip Cut-Out Preparation
Paper strip cut-outs were designed using CoreIDRAW X6 with the dimensions shown in Supplementary
Figure 24. Paper was cut on a laser cutter (60 Watt Epilog Helix) using the cut-outs prepared on
CorelDRAW X6. The print settings used were 100% speed, 5% power, and 500 Hz frequency. It was
important to ensure that the strips were cut parallel to the machine direction of the paper for uniform
and maximum wicking. To ensure that the test produced consistent results, the paper strips had to be cut
thin enough to prevent gaps from being introduced into its structure. Otherwise, the blood could wick
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further than it should. In our previous study, we found that 3 mm paper strips produced precise results
after wicking (199). Therefore, this width was chosen for the paper strips in this study as well.

2.2.2.  Phosphate Buffer Saline (PBS) Solution Preparation
Five tablets of PBS were added to a 1 L Schott bottle. 1 L of MilliQ water was added into the Schott bottle.
The PBS tablets were dissolved in solution by gently rocking the Schott bottle with a WiseShake SHR rocker
at 40 rpm overnight.

2.2.3.  Whole Blood Sample Preparation

Plasma samples of different fibrinogen concentrations were prepared from normal and fibrinogen-free
plasmas. Both plasma samples were thawed, continuously filled, and emptied with a pipette. This ensured
that their contents were uniformly distributed. The two plasmas were then remixed with each other in
different ratios to obtain plasma samples with different fibrinogen concentrations used for
experimentation. These samples were then aliquoted 150 uL each into Eppendorf tubes, snap-frozen in
liquid nitrogen, and stored at —86 °C until use. When these samples were used, they were again mixed up
and down with a pipette to distribute their contents uniformly.

Red blood cells (RBCs) were sourced from EDTA anticoagulated donor blood. A donor blood tube was
centrifuged for 15 min at 3000 rpm on an Eppendorf 5702 centrifuge. This completely fractionated the
blood components. The plasma supernatant was discarded with manual pipetting.

The RBCs were then washed with PBS solution. 3 mL of PBS solution was added to the RBCs, resuspended,
and recentrifuged for 15 min at 3000 rpm. The PBS supernatant was then discarded with manual pipetting.
The washing step was repeated until the PBS supernatant appeared clear. The final clear PBS supernatant
was discarded, and the washed RBCs were retained and used on the day of experimentation.

Whole blood samples of different fibrinogen concentration were prepared by the mixing of washed RBCs
and plasma samples. They were most often mixed half-half to create whole blood samples with
haematocrits of 50% (unless stated otherwise). Whole blood samples with different haematocrits were
prepared by changing the mixing ratio of washed RBCs and plasma. The whole blood samples were used
on the day of experimentation. Because blood cells in whole blood samples sediment over time due to
gravity, they were uniformly suspended each time before use.

2.2.4.  Thrombin Solution Preparation
One vial of thrombin was reconstituted in 300 pL of MilliQ water and separated into vials containing each
30 NIH U/mL thrombin. The vials were then aliquoted 50 pL each into Eppendorf tubes, snap-frozen in
liquid nitrogen, and stored at -86 °C until use.

When these thrombin solution samples were unfrozen, they were remixed using a pipette. This ensured
that their contents were uniformly distributed.

From Chapter 2, Factor Xllla did not influence the test (despite crosslinking fibrin monomers). Therefore,
it was not observed in this chapter.

2.2.5.  Hydrophilic and Hydrophobic Surface Preparation
Beaded and unbeaded droplets of mixed blood were formed on top of hydrophobic and hydrophilic
surfaces, respectively.

Hydrophilic surfaces consisted of glass slides and used as they were.
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Hydrophobic surfaces were prepared by wrapping one piece of PTFE tape around a glass slide with the
tape lying flat.

2.2.6. Main Test
Experiments were performed in standard laboratory conditions (i.e., 23 °C, 50% relative humidity).

A hydrophobic surface glass slide was generally used unless stated otherwise.

5 uL of thrombin solution was added into a PCR tube. 25 uL of whole blood (or plasma) was mixed into
the thrombin solution. This was done by pipetting up and down at least 10 times to ensure that the blood
and thrombin were mixed uniformly (without creating bubbles). The mixture was then deposited on top
of the glass slide before it could clot (i.e., convert fibrinogen into fibrin). The mixing and deposition time
afforded before clotting are summarised in Supplementary Figure 37.

Mixtures with lower fibrinogen concentration took longer to clot and hence could be deposited on top
of the spot more easily.

It was important to ensure that the mixture was not spread across the glass slide and added onto one
spot. This ensured that a 25 pL droplet was formed on top of each surface.

The droplet reacted on the slide for a set period to ensure that it had clotted. This generally occurred
after 3 min unless stated otherwise.

Once the reaction time was complete, a paper strip was carefully placed on top of the clotted droplet.
This was done by ensuring that (1) the dominant hand levitated the paper strip millimetres above the
clotted droplet with tweezers, (2) the nondominant hand pinned the far end of the paper strip to the
glass slide (to hold it in place), and (3) the tweezers were instantly opened (releasing the paper strip to
fall on top of the clotted droplet at a low velocity). An illustration of the landing position of the paper
strip on the clotted droplet is provided in Supplementary Figure 31.

The wicking length was measured 30 s after the paper strip landed on top of the clotted droplet (unless
stated otherwise). Figure 26 illustrates this entire procedure.
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Figure 26: Schematic illustration of the main test procedure.

2.2.7. Wicking Length Measurement
The midpoint for the wicking front was used to measure the wicking length. The iPhone was held directly
over the paper strip, and ProMovie (downloaded from the App Store) was used to film the main test. To
achieve accurate recordings, the markings on the paper strips were manually focused on before filming
(see Supplementary Figure 25). To measure wicking length, snapshots of each strip in the recorded videos
were generally taken 30 s after the paper strip made contact with the clotted droplet (unless specified
otherwise).

Images were then analysed using Imagel) to determine their wicking length (see Supplementary Figure
26).

2.2.8. Testing of Dilution
Whole blood samples were diluted to determine wherever the sensitivity of the test could be improved.
Whole blood samples of different fibrinogen concentrations were diluted in PBS buffer and tested.

The dilutions tested were 1:0, 1:1, 1:3, 1:7, and 1:15. The left-hand number refers to the whole blood
fraction, and the right-hand number refers to the PBS fraction. For example, 1:3 means one part whole
blood to three parts PBS (or 25% whole blood).

Since diluted blood samples (i.e., 1:3, 1:7, and 1:15) produced wicking fronts with poor visibility, a minute
amount of Queen blue food dye was added to each paper strip to aid in the image analysis. As blood
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wicked down the strip, it mixed with the blue dye and enhanced the visibility of the wicking front. An
example of the preparation is shown in Supplementary Figure 40.

Diluted whole blood samples then followed the procedure of the main test and subsequent image analysis.

Alternatively, the dilution of whole blood samples could be achieved by changing the mixing ratio
between the whole blood and thrombin solution instead.

2.2.9. Testing of Thrombin Inhibitors
Since the diagnostic uses thrombin as an active reagent, endogenous thrombin inhibitors (such as
heparin) were tested to determine whether they impacted the test.

Whole blood samples of different fibrinogen concentrations were mixed with heparin (a well-known
thrombin inhibitor) and tested.

A solution of 14 U/mL heparin was prepared by dissolving unfractionated heparin in MilliQ water. It was
then mixed into whole blood samples at a ratio of 1:19 (creating whole blood samples with 0.7 U/mL
heparin).

Whole blood samples without heparin were used as controls.

Additionally, whole blood samples (with and without heparin) were diluted in PBS at a ratio of 1:7. This
was to determine wherever dilution could reduce the effect of thrombin inhibitors.

All these blood samples followed the procedure of the main test and subsequent image analysis.

2.2.10. Staining and Imaging of Fibrin
To decipher the mechanism of the test, it was necessary to determine wherever fibrin moved down the
paper strip or remained in the clotted droplet during wicking.

Plasma samples (both normal and fibrinogen-free) were tested as normal except they wicked until
drying. The dried paper strips then underwent Carstair’s staining procedure (shown in Supplementary
Section 4.1). The paper strips were contained within a mini colander (while performing the procedure)
to hold them in place.

After the staining procedure, the DPX mounted paper strips were imaged under a Nikon Eclipse Ni-E
upright microscope. Images were taken across the length of the paper strip to determine where fibrin was
located. Fibrin was indicated by the presence of red bodies.

2.2.11. Testing Plasma vs Whole Blood
Plasma samples were tested against whole blood samples to determine whether the sensitivity of the test
was governed by fibrin-RBC interactions or by fibrin on its own.

Plasma samples were mixed with Queen red food dye at a ratio of 1:19 (to colourise the plasma). These
samples followed the procedure of the main test and subsequent image analysis.

Whole blood samples were diluted in PBS to a ratio of 1:3.

This was done to neutralise the non-fibrinogen effects of the whole blood sample. Non-fibrinogen effects
refer to the effect that the RBCs and plasma proteins (other than fibrinogen) have on blood wicking by
themselves. RBCs and plasma proteins both interact with the cellulose fibres and increase the viscosity of
a blood sample. Thus, they are both able to drastically decrease the wickability of whole blood irrespective
of the fibrinogen concentration.

130



N

o ~ W

O 00

10
11
12
13

14

15
16

17
18
19

20
21

22
23
24

25
26

27

The diluted whole blood samples followed the procedure of the main test and subsequent image analysis.

2.2.12. Diagnostic Assembly
A hydrophobic surfaced glass slide was used.

A black marker was used to mark two points 5.8 cm apart on the PTFE tape (as shown in Figure 27 — top
left).

A paper strip was placed over the two markings. The bottom edge was aligned to one marking and
attached with sticky tape. A bent paper clip was wedged between the other end of the paper strip and
the glass slide. This allowed the paper strip to levitate over the glass slide. The shape and position of the
paper clip could be altered to change the levitation height of the paper strip. A single PCR tube was glued
side-on to a coverslip. After drying, the coverslip was glued underneath the glass slide and left to dry. This
allowed the PCR tube to be attached to the diagnostic. An image of an assembled diagnostic is shown in
Figure 27 — top right.

2.2.13. Diagnostic Testing
An assembled diagnostic was hand-held horizontally using fingertips as shown in Figure 27 — bottom.

1:7 diluted whole blood and thrombin solution was mixed in the PCR tube (as described in the procedure
of the main test). The thrombin solution was pipetted into the very back of the PCR tube so that the blood
could be easily mixed with it.

The mixture was deposited directly on top of the free marking. The diagnostic was steadily held for a 3
min reaction time (to avoid the droplet from spreading).

After the reaction, the paper clip was quickly pulled out of the diagnostic. This allowed the paper strip to
fall on top of the clotted droplet. The wicking length was determined 30 s after the paper strip landed on
top of the clotted droplet.

The wicking length was measured as the approximate midpoint of the wicking front observed by the naked
eye. This was rounded off to the nearest half millimetre.
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3. Results
Terminology defining various blood terms is provided in Table S13.

Whole blood samples were mixed with thrombin solution in PCR tubes until they were uniformly
distributed. Each mixture was then deposited as a droplet onto a hydrophilic- or hydrophobic-surfaced
glass slide. After reacting for 3 min, a paper strip was carefully placed on top of the clotted droplet and
blood wicked down it for 30 s. This is shown in Figure 28.

The further the blood wicks, the lower the fibrinogen concentration. This is strongly hypothesised to be
controlled by the permeability of the clotted droplet. Clotted droplets with lower fibrinogen
concentrations most likely have higher permeabilities. When the droplet becomes clotted, two phases are
formed: a clotted phase (i.e., the fibrin scaffold) and an unclotted phase (i.e., the remaining blood fluid).
The unclotted phase can freely wick through the paper; however, the clotted phase cannot. The clotted
phase impedes the movement of the unclotted phase down the strip. This impediment is strongly
enhanced by the presence of RBCs. The RBCs likely get entrapped into the clotted phase and strongly
reduce its permeability through volume occupancy and surface drag. Therefore, whole blood samples
with lower fibrinogen concentrations form clotted phases with fewer entrapped RBCs and most likely
higher permeabilities.

Several factors were investigated to understand the requirements to adapt the test into a hand-held
prototype diagnostic. These included the effects of droplet contact angle, blood wicking time, relative
humidity, droplet reaction time, haematocrit, whole blood sample dilution, and thrombin inhibitors.

The effect of droplet contact angle is investigated as shown in Supplementary Figure 32. Droplets were
dispensed on hydrophilic- and hydrophobic-surfaced glass slides to produce unbeaded and beaded
droplets, respectively. However, the contact angle of the droplet does not significantly affect the test.
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Figure 27: Assembling of diagnostic. Top Left: Hydrophobic surfaced glass slide showing markings 5.8 cm apart. Top Right: Assembled
diagnostic with the PCR tube attached to side of diagnostic and paper strip attached and levitated above diagnostic. Bottom: 25 plL
droplet steadily deposited on the diagnostic directly below paper strip.
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Figure 28: Summary of wicking test for whole blood samples without fibrinogen (0 g/L) and with fibrinogen (3.2 g/L).
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3.2. Effect of Wicking Time
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Figure 29: Testing of whole blood samples under different blood wicking times. Whole blood reacted with thrombin for 3 min and the
blood wicking length was measured using ImagelJ. The test was carried out at 23°C and 50% relative humidity. Each data point was
tested 3 times and the mean and standard deviation are reported.

Figure 29 investigates the effect of blood wicking time to determine the optimum time needed for wicking.
Whole blood droplets of different fibrinogen concentrations were wicked through paper until they dried.
The wicking length was measured at different time points after the paper strip was placed on top of the
clotted droplet. The longer the wicking time, the greater the separation that occurs between whole blood
samples of different fibrinogen concentrations. However, this also comes at the cost of greater standard
deviation. Hence, the test is better suited for wicking for shorter times (i.e., 30 s) than for longer times
(i.e., 1 min or more).

Furthermore, Supplementary Figure 27 evaluates the effect of wicking time at different humidities.
Whole blood droplets at lower relative humidities dry faster than those at higher relative humidities.
Hence, they stop wicking at both shorter wicking times and lengths. To minimise the effects of humidity,
the test is more suitable to wicking for short times (i.e., 30 s) than for long times (i.e., 2 min or more).

Therefore, a wicking time of 30 s was used in this study.
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Additionally, raw images deciphering Figure 29 after drying are displayed in Supplementary Figure 28. A
clear relationship between fibrinogen concentration and wicking length is displayed.

Finally, the effect of reaction time is evaluated as shown in Supplementary Figure 29. The reaction is
completed in 2-3 min. Therefore, a reaction time of 3 min was used for this study.

3.3. Effect of Dilution
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Figure 30: Testing of blood samples diluted to different ratios in Phosphate Buffer Solution (PBS). Whole blood reacted with thrombin
for 3 min and the blood wicking length was measured after 30 s of wicking using ImagelJ. Each data point was tested 5 times and the
mean and standard deviation are reported.

Figure 30 investigates the effect of whole blood dilution to determine whether it could improve test
results. As shown in Supplementary Figure 37, droplets with lower fibrinogen concentrations take longer
to clot. Hence, more time is available for the end-user to mix and dispense the droplet carefully onto the
glass slide.

Whole blood samples of different fibrinogen concentrations were diluted in phosphate-buffered saline
(PBS) and tested. The x-axis refers to the plasma fibrinogen concentrations of the whole blood samples
before dilution in PBS.

Diluting whole blood vastly improves the sensitivity of the test. When whole blood is diluted between 1:3
to 1:7 with PBS, the relationship between plasma fibrinogen concentration and length becomes more
linear. Hence, fibrinogen readings can be more easily obtained. The linearization is explained in more
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detail in Supplementary Figures 35 and 36. However, once the whole blood is diluted 1:15 in PBS, the
post-dilution fibrinogen concentration drops too low and the sensitivity becomes diminished.

Additionally, the non-fibrinogen effects at higher dilutions become significantly weaker. Non-fibrinogen
effects refer to the effect that the RBCs and plasma proteins have on blood wicking without fibrinogen.
RBCs and plasma proteins both interact with the cellulose fibres of paper and also increase the viscosity
of a blood sample. Thus, they are both able to drastically decrease the wickability of whole blood on paper.
As demonstrated with the 0 g/L plasma fibrinogen samples, the non-fibrinogen effect drastically decreases
when whole blood is serially diluted in PBS. As whole blood samples become more diluted, less RBCs and
plasma proteins are present to impede the wicking of the blood sample’s unclotted phase through the
paper strip. When dilution reaches between 1:3 and 1:7, the wicking perturbation becomes negligible
(reaching similar wicking lengths of 4.7 £ 0.1 and 4.9 + 0.2 cm, respectively).

Therefore, a dilution ratio background of 1:3 to 1:7 is optimal for such a test.

3.4. Mechanism
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Figure 31: Comparison of plasma wicking to that of whole blood (diluted in PBS) with similar background effects. Plasma and diluted
whole blood reacted with thrombin for 3 min and the blood wicking length was measured after 30 s of wicking using ImagelJ. Each data
point was tested 5 times and the mean is reported.

Supplementary Figure 30 and Figure 31 provide insight into how the test works.
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Supplementary Figure 30 illustrates whether the fibrin moves down the paper strip or remains in the
clotted droplet during wicking. The fibrin stays within the clotted droplet, while other blood components
move down the strip.

Therefore, the mechanism is as follows. Once the droplet has reacted with thrombin, two phases are
formed: a clotted phase and an unclotted phase. When the strip is placed on the clotted droplet, only the
unclotted phase can wick down the strip.

Figure 31 quantifies wicking of plasma and diluted whole blood samples of different fibrinogen
concentrations. This is to determine whether the test’s sensitivity is driven by fibrin-RBC interactions or
by fibrin on its own. Undiluted plasma samples were compared to blood samples diluted 1:3 in PBS
because they both show similar non-fibrinogen effects (i.e., wicking lengths in samples without fibrinogen).
The x-axis refers to fibrinogen concentrations of both samples after dilution. The effects of RBCs are
significant. Diluted whole blood samples show an 8-fold increase in sensitivity compared to plasma
samples. Hence, the test is predominantly driven by fibrin—-RBC interactions.

It is well known that fibrin scaffold can entrap RBCs (241). This in turn occupies pore volume and induces
surface drag. Hence, we strongly hypothesise that in the test, the RBCs become entrapped within the
clotted phase and reduce its permeability. As the unclotted phase attempts to wick down the paper strip,
the entrapped RBCs impede it from doing so. Therefore, it limits the unclotted phase volume that can
move down the paper strip. This causes the unclotted phase to wick to shorter lengths.

As the fibrinogen concentration (in the unclotted droplet) dictates the mass of the fibrin scaffold formed
(in the clotted droplet), it also dictates the number of RBCs that become entrained (within the clotted
droplet). Therefore, higher fibrinogen concentration leads to more RBC entrapment and subsequent
blood wicking impedance.
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3.5. Effect of Haematocrit
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Figure 32: Testing of whole blood samples with different haematocrits. Whole blood reacted with thrombin for 3 min, and the blood
wicking length was measured after 30 s of wicking using ImageJ. Each data point was tested four times, and the mean and standard
deviation are reported.

Figure 32 investigates the effect of haematocrit interference on test results. The haematocrit refers to the
volumetric percentage of red blood cells in a sample of whole blood. Normal adult populations typically
have haematocrits ranging between 40 and 50%. Plasma samples of different fibrinogen concentrations
were mixed with varying amounts of red blood cells to produce whole blood samples with different
haematocrits. These were then tested. Whole blood samples varying between 40 and 50% haematocrits
do not produce any significant differences. This suggests that the test can be used in the normal
population without issue. However, at lower haematocrits, the entire curve shifts upward. As red blood
cells have a significantly higher viscosity than plasma, the haematocrit of a blood sample dictates its
viscosity. Therefore, blood samples with low haematocrits wick further due to their lower viscosity. A
summary comparing volumetric RBC concentration, viscosity, and blood wicking length can be found in
Supplementary Figure 34.

Figure 33 quantifies the effect of haematocrit in whole blood samples after dilution in PBS to determine
whether dilution reduces or eliminates the viscosity-dependent effects seen in Figure 32. Plasma samples
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of different fibrinogen concentrations were mixed with varying amounts of red blood cells to produce
whole blood samples with different haematocrits. They were then diluted 1:7 with PBS and tested.
Dilution significantly reduces the effect that haematocrit has on blood wicking length. Samples with a
lower haematocrit do not display an upward shift in the curve (like in Figure 32). Hence, dilution can drop
the viscosity of blood samples to levels that have a negligible effect on wicking. This is further verified in
Supplementary Figure 34. As blood samples below 10% haematocrit have negligible differences in
viscosity, they also have negligible effects on blood wicking length. Because a 1:7 dilution effectively
produces a blood sample with a haematocrit of approximately 6%, it will also produce negligible
differences in wicking regardless of what the original haematocrit of the blood sample is.
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Figure 33. Testing of whole blood samples with different haematocrits after a 1:7 dilution with PBS. Diluted whole blood reacted with
thrombin for 3 min, and the blood wicking length was measured after 30 s of wicking using ImageJ. Each data point was tested four times,
and the mean and standard deviation are reported.
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3.6. Effect of Thrombin Inhibitors
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Figure 34: Testing of undiluted whole blood samples with and without 0.7 U/mL Heparin. Whole blood reacted with thrombin for 3 min
and the blood wicking length was measured after 30 s of wicking using ImagelJ. Each data point was tested 5 times and the mean and
standard deviation are reported.

Figure 34 quantifies the effect of heparin in undiluted whole blood samples to determine if the test is
affected by thrombin inhibitors. Undiluted whole blood samples of different fibrinogen concentrations
were made to contain 0.7 U/mL heparin (levels similar to therapeutic levels found in patients recovering
from cardiac surgery) and tested. These samples were compared to undiluted whole blood samples
without heparin. Heparin causes the standard deviation to increase significantly. Some of the time, the
test works as normal, but other times, blood leakage occurs from the clotted droplet and causes the fluid
to wick much further than it should have. Yeromonahos et al. discovered that heparin causes the porosity
of fibrin in clots to increase (242). Therefore, we hypothesise that the presence of heparin forms large
and heterogeneous pores through which the blood can wick more easily. Therefore, the current test
cannot be accurate with undiluted whole blood samples that contain thrombin inhibitors.
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Figure 35: Testing of whole blood samples with and without 0.7 U/mL heparin before a 1:7 dilution with PBS. Whole blood reacted with
thrombin for 3 min and the blood wicking length was measured after 30 s of wicking using ImagelJ. Each data point was tested 5 times
and the mean and standard deviation are reported.

Figure 35 quantifies the effect of heparin in whole blood samples diluted in PBS to determine whether
dilution can reduce or eliminate the effects of thrombin inhibitors. Whole blood samples of different
fibrinogen concentrations were prepared with 0.7 U/mL heparin, diluted 1:7 with PBS, and tested. They
were compared to whole blood samples without heparin diluted equivalently. The effect of dilution is
significant. Blood leakage no longer occurs, and the whole blood samples without heparin give the same
result as the samples with heparin. Therefore, dilution can eliminate the effects that thrombin inhibitors
have on the test.

142



3.7. Evaluation of Diagnostic
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Figure 36. Comparison of a whole blood sample (diluted 1:7) using the proof-of-concept methodology (as described in Sections 2.2.6 and
2.2.7) and the prototype diagnostic (as described in Section 2.2.13). The paper strip in the diagnostic was released at a height of 1 cm
above the glass slide. Each data point was tested four times, and the mean and standard deviation are reported.

Figure 36 compares the wicking and measurement of the prototype diagnostic methodology (i.e., Section
2.2.13) to the proof-of-concept methodology (i.e., Sections 2.2.6 and 2.2.7). This is to demonstrate that
the test can be converted to a hand-held diagnostic that can be measured with the naked eye. An EDTA
whole blood sample was taken and diluted 1:7 with PBS and tested. The dilution provided ample mixing
and depositing time before clotting could occur (see Supplementary Figure 37). The paper strip was
levitated 1 cm above the glass slide. This was to provide enough space to deposit the droplet and prevent
accidental contact while the droplet was reacting. The effect of levitating the diagnostic’s paper strip to
different heights can be found in Supplementary Figure 39. To prevent bias, (1) the fibrinogen
concentration of the EDTA sample was not known. (2) The prototype diagnostic was measured first, and
the proof-of-concept methodology was measured afterward. Both actions prevented retrospective
subjectivity from impacting the naked eye readings of the prototype diagnostic.

The assembled diagnostic wicks similarly to the proof-of-concept methodology. Both show blood wicking
lengths of 3.8 cm and standard deviations of 0.1 cm. Hence, the prototype diagnostic can be used at the
point of care without the need for other external equipment other than pipettes and reagents.
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4. Discussion

We have developed the first hand-held fibrinogen diagnostic for whole blood. The test works by premixing
whole blood with thrombin and depositing it on a solid surface as a droplet for 2-3 min. Afterward, a
paper strip is carefully dropped on top of the droplet, and the fluid is allowed to wick for 30-60 s. The
wicking length measured after this time correlates precisely to the fibrinogen concentration. As the test
is completed in 3-4 min, it can allow fibrinogen replacement therapy to be rapidly implemented into
hypofibrinogenemic patients, with the potential to save millions of lives each year.

Unlike our previous hand-held fibrinogen diagnostic, this one demonstrates sufficient sensitivity with
whole blood. Therefore, it does not require the separation of blood cells and plasma before use. With
undiluted whole blood, the test shows clear sensitivity to fibrinogen concentrations below 1.6 g/L and can
work with a haematocrit in the range of 40-50%. This is suitable for the normal population. With diluted
whole blood, the sensitivity of the test can not only be optimised but can also reduce or eliminate the
effect of haematocrit and problematic thrombin inhibitors (such as heparin). Therefore, this paper
achieved two aims. First, a rapid, hand-held fibrinogen diagnostic suitable for diagnosing
hypofibrinogenemia in whole blood was demonstrated. Second, a means of reducing the effect of
haematocrit and thrombin inhibitors was achieved.

4.2. Primary Factors
A full table describing the blood terms used in this section is provided in Table S13.

The primary factor modulating the blood wicking length is the permeability of the clotted droplet.

Although the test utilises a similar lateral flow readout to our previous diagnostic, the mechanism is
completely different. When the blood droplet becomes clotted, two phases are formed. One is the clotted
phase, which consists of the fibrin scaffold and red blood cells entrapped within it. The other is the
unclotted phase, which contains the majority of the water, salt, macromolecules, and red blood cells that
do not bind to the fibrin. Once the paper strip is placed on top of the clotted droplet, only the unclotted
phase wicks down the strip. The clotted phase remains behind. This is shown in Supplementary Figure 30,
which microscopically depicts the distribution of fibrin through a paper strip when the test is performed
on clotted droplets of plasma.

The formation of the clotted phase perturbs the movement of the unclotted phase down the strip. If the
clotted phase is treated as a soft, porous matrix for the unclotted phase to travel through, Darcy’s law can
be used to describe it as such:

k AP
a=-7 (3)
where q is the flux of the unclotted phase, u is the viscosity of the unclotted phase, k is the permeability
of the clotted phase, AP is the capillary pressure on the unclotted phase and L relates to the diameter of
the clotted droplet. The higher the g is, the further the unclotted phase wicks down the paper strip.

Clotted phases with entrapped RBCs perturb the movement of the unclotted phase significantly more
than clotted phases without RBCs. This is shown in Figure 31, where whole blood samples produce the
same levels of wicking as plasma samples with only an eighth of the total fibrinogen concentration. The
whole blood samples were diluted in PBS to produce similar background effects as plasma samples.
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Therefore, the fibrin-RBC interactions within the clotted phase are responsible for the sensitivity of the
test.

The incorporation of red blood cells into the clotted phase causes a major decrease in its permeability.
Varin et al. concluded that the permeability of whole blood clots was 6.7 times higher than that from its
corresponding plasma clot (243). This factor correlates very well with the result shown in Figure 31.
Therefore, we hypothesise that this steep decrease in clotted phase permeability is responsible for the
subsequent lowering of the unclotted phase flux and shorter blood wicking lengths.

Van Gelder et al. reported that RBCs decrease the permeability of the fibrin scaffold by becoming
entrapped within it. This in turn increases the volume occupancy and surface drag within the network
(244). Therefore, we suggest that the reason that the test is sensitive to fibrinogen concentration is
because fibrinogen is responsible for the mass of the fibrin scaffold formed and the resulting quantity of
entrapped RBCs. The varying quantity of fibrin-entrapped RBCs at different fibrinogen concentrations
modifies the clotted phase’s permeability and, ultimately, the unclotted phase’s wicking length.

4.3. Secondary Factors
Other factors modulating the blood wicking length include the stiffness of the clotted droplet and the
viscosity of the unclotted phase.

The stiffness of the clotted droplet dictates the contact area between the droplet and the paper strip. As
the fibrinogen concentration in the droplet decreases, so does the eventual stiffness of the clotted droplet.
When the fibrinogen concentration becomes very low (i.e., <0.4 g/L), the clotted droplet compresses
underneath the weight of the paper strip. This compression increases the contact area between the
clotted droplet and the paper strip and causes further wicking.

The relationship between the droplet’s fibrinogen concentration and the interfacial contact area is shown
in Supplementary Figures 35 and 36.

As shown in Figure 32, there is a haematocrit-dependent effect on wicking in fibrinogen-free whole blood
samples. Samples with 30% haematocrit wick further than samples with 40 or 50% haematocrit. It is well
known that the haematocrit dictates the viscosity of a blood sample (245). This in turn controls the blood
wicking length. Supplementary Figure 34 demonstrates the relationship between haematocrit, blood
sample viscosity, and blood wicking length. There is an exponential relationship between haematocrit and
viscosity. When the haematocrit rises above 10%, the effect on blood sample viscosity becomes significant
and affects the test.

The contact angle at which the droplet interacts with the solid surface does not affect the test’s sensitivity.
This is despite the vast difference in droplet contact angle between hydrophilic and hydrophobic surfaces
(Supplementary Figures 31 and 32). After 30s of wicking, the hydrophilic surface causes blood to move
slightly further down the strip than the hydrophobic surface (Supplementary Figures 33 — top graph). We
hypothesise this to be due to the unbeaded droplet being able to wet the paper strip more rapidly than
the beaded droplet. However, by 60 s, that initial wetting effect becomes nullified and both surfaces
display similar blood wicking distances (Supplementary Figures 33 - bottom graph).

This means that the test can work with a variety of solid surface materials and droplet contact angles.
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4.4, Perspective

We looked at several factors that impact the performance of the test including reaction time, wicking time,
haematocrit, predilution, and thrombin inhibitors. The test is ideally suited to longer reaction times (>2
min), shorter wicking times (<1 min), and haematocrits of the reference range (40-50%). Furthermore,
large dilution factors (4 to 8 times) optimise the efficacy and minimise the effect of both haematocrit and
thrombin inhibitors.

Both the reaction time (Supplementary Figure 29) and blood wicking time (Figure 29) determine the total
time the test needs until completion. Overall, the test takes 3-4 min. This is significantly shorter than
other assays, which typically take 10-20 min to obtain a fibrinogen concentration reading (153, 154).

Since droplets with lower fibrinogen concentrations make the test easier for the end-user to perform (see
Supplementary Figure 37), we observed the effect of prediluting whole blood samples in PBS (Figure 30).
Not only does diluting whole blood samples increase the efficacy of the test, but it also linearises the curve.
Supplementary Figures 35 and 36 demonstrate the mechanism behind this linearization. The optimal
sensitivity occurs when there is a 4-to 8-fold dilution of whole blood. However, dilutions above this cause
the sensitivity to diminish. This is most likely due to the continual reduction in the mass of fibrin formed
after clotting and hence its subsequent effects on blood wicking.

In this study, we prediluted whole blood samples to ensure that the conditions in Figure 30 were properly
controlled. However, the effect of dilution can be mimicked by changing the ratio of thrombin solution
and whole blood that get mixed together — something more practical in real-life emergency situations.

RBCs have a major impact on the test. Therefore, their concentrations in whole blood samples were tested
to quantify the impact that they had on the test (Figures 32 and 33).

The blood wicking length remains relatively unchanged for haematocrits between 40 and 50% in undiluted
whole blood (Figure 32). However, when the haematocrit falls below this range, the entire curve shifts
upward. This is problematic in instances like trauma where the whole blood haematocrit can drop to
25-35% due to intravenous fluid admission and subsequent haemodilution (246, 247).

On the contrary, the same upward curve shift is not observed when whole blood samples become diluted
in PBS (Figure 33). The curve remains similar for haematocrits between 25 and 50%, making it suitable for
testing haemodiluted blood. Supplementary Figure 34 deciphers the relationship between haematocrit
and blood sample viscosity. When the haematocrit of a blood sample drops below 10%, any change in
viscosity becomes negligible. Hence, the blood wicking length does not change. This means that diluting
whole blood samples below this range causes the effects of haematocrit to become insignificant on the
test.

In our previous hand-held diagnostic, we tested a wide variety of blood conditions. We found that it is not
impacted by common conditions such as acidosis, blood alcohol, hypertriglyceridemia, haemolysis, and
warfarin administration (200). However, it is impacted by the presence of thrombin inhibitors. Because of
this, we observed the effect of heparin in this test (Figures 34 and 35). Heparin is a well-known thrombin
inhibitor found in the blood. It is used therapeutically directly after cardiac surgery at concentrations up
to 0.7 U/mL. Therefore, we used that concentration in this study. Heparin causes major increases in
variability for undiluted blood (Figure 34). This is most likely due to an increase in the porosity of the clot
(242). However, heparin shows no effect after the blood becomes diluted (Figure 35). This is because the
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effect of dilution reduces the amount of heparin that can interact with thrombin and fibrinogen in the
test.

Aside from heparin, there are other thrombin inhibitors in the blood that we did not test in this study.
These include direct oral anticoagulants and fibrinogen/fibrin degradation products (248, 249). Other
fibrinogen assays that use thrombin as an active reagent often dilute plasma 10- to 30-fold in buffer
solution to neutralise any thrombin inhibitors (98). Given that the dilution factor used in this test is similar,
we hypothesise that it can nullify the effect of other thrombin inhibitors (aside from heparin) as well.

We also tested the effect of temperature in our previous diagnostic. We found that the test is unaffected
by temperatures ranging from 7 to 36 °C (200). However, at extreme temperatures (i.e., 44 °C), the test
wicks further than normal and hence needs a means of protection. This test and the previous diagnostic
both use the same lateral flow mechanism to measure the blood fibrinogen concentration. Therefore, we
expect this test to show the same effects with temperature.

Finally, we developed a prototype hand-held diagnostic and compared it to the proof-of-concept
methodology (Figure 36). The proof-of-concept methodology was performed on tabletop using both
hands and an iPhone to record and analyse the blood wicking length. However, the hand-held diagnostic
was held in one hand for the entirety of the test with the other hand doing the assaying work. Furthermore,
the blood wicking length was determined by the naked eye. Despite the differences in methodology, the
hand-held diagnostic shows near identical readings to the proof-of-concept methodology. Not only can
the test be facilitated entirely within the fingertips, but the wicking (after 30 s) is slow enough to be
accurately measured by eye. This means that the test can be easily transported to the point of care and
give readings that do not need external equipment to validate.

4.5. Limitations

The test must pre-clot the droplet before a paper strip can be placed on top of it. Unlike other paper-
based diagnostics that simply react with biological fluids on bioactive paper, it is not possible to do the
same with this test. This means that the whole blood sample must be uniformly premixed and clotted
with thrombin solution to achieve the sensitivity the test requires.

Additionally, tests where thrombin and blood have not been uniformly mixed led to instances of blood
leakage from the clotted droplet. We hypothesise this to be due to the formation of an inhomogeneous
fibrin clot with gaps in it that the unclotted phase can easily travel through. Therefore, we ensured that
the blood sample and thrombin were suctioned up and down at least 10 times before depositing.

We did not readily have access to fresh (i.e., <1 day old) blood from donors to work with. The closest to
this were ethylenediaminetetraacetic acid (EDTA) anticoagulated whole blood samples from the
Australian Red Cross that were delivered to us at least 1 week post-collection. Since we were not sure
how much the samples had degraded by then, we instead chose to make whole blood samples artificially.
This involved taking red blood cells from these samples, washing them with PBS (to get rid of debris) and
recombining them with Quality Control (QC) plasma. QC plasma is a good representation of actual plasma
as there are only three subtle differences. First, the QC plasma is pooled from 20 donors to normalise
levels of all proteins in the blood. Second, the QC plasma is stabilised in small amounts of HEPES buffer to
keep the pH at 7.4. Third, the QC plasma is citrated to prevent coagulation. As citrate works to prevent
coagulation by chelating calcium ions in blood, the test can also work with other anticoagulants that do
the same (such as EDTA or oxalates).
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In this study, we briefly observed the effect of platelet activity (Supplementary Figure 41). When
coagulation is induced, thrombin activates platelets by cleaving protease-activated receptors on their
membrane (250). Three events occur afterward. The first is the rapid polymerization of actin filaments
within the platelets’ cytoskeleton (251). The second is the binding of platelets (through their llb/llla
receptors) to fibrin strands within the fibrin network. The third is the contraction (through the
polymerised actin filaments within the platelets) of the fibrin network (252). This causes the entrapped
RBCs to compress and further decrease the clot’s permeability to blood flow (253).

We found that platelets do not exert an effect when donated blood is collected in citrated tubes. However,
the extent to which the citrate inhibits the platelets is unknown. Therefore, further work with
uncoagulated whole blood is needed to verify the effect of platelets.

However, irrespective of the effect that activated platelets may cause on the test, they can be neutralised
with platelet inhibitors. VHAs routinely use cytochalasin D and abciximab to inhibit platelets (150).
Cytochalasin D works by inhibiting the polymerization of actin after thrombin stimulation (254). Abciximab
binds to the llb/llla receptors and prevents platelets from binding to the fibrin strands (255). Lang et al.
showed that the use of both inhibitors can eliminate all platelet activity (256).

Therefore, we strongly hypothesise that the use of these inhibitors is sufficient to make the test insensitive
to platelet activity.

4.6. Future Work
Whilst we successfully developed a prototype of the diagnostic (Figure 36), further steps are still required.

The first is by improving the ergonomics of the test. Currently, the diagnostic is stabilised by holding it still
in one hand for 3 minutes as the droplet clots. However, this holding time can be decreased by increasing
the concentration of thrombin solution used (and hence allowing for a faster reaction). Furthermore,
scaffolding to assist in the both the deposition/positioning of the droplet and positioning/landing of the
paper strip can also help.

The second is by implementing a means to stop the blood from moving further down the strip after the
30 second wicking time. A simple way could be by cutting the paper strip at certain distances. For example,
Figure 35 illustrates that a blood sample with a fibrinogen concentration of 1.5 g/L will wick 4.3 cm down
the strip after 30 seconds. Therefore, by cutting the strip at that position then, the end user can clearly
tell wherever the patient has above or below 1.5 g/L fibrinogen.

The third is by performing large scale clinical trials. This includes testing both healthy and coagulopathic
whole blood samples and comparing them to an established clinical assay (such as a Clauss Assay).

The fourth is by scaling up economically with proper quality controls in place. This includes ensuring: 1)
the paper structure is manufactured consistently enough to allow for reproducible results, 2) the thrombin
produced has a high enough activity so the droplet can clot completely in a timely manner.
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5. Conclusion

We have developed a hand-held diagnostic suitable for determining the fibrinogen concentration in whole
blood. The diagnostic subtracts the requirement of needing to separate blood cells from plasma. Results
can be achieved in only 3-4 min to allow for rapid fibrinogen replacement therapy. The test works by
premixing a blood sample with thrombin solution, depositing it as a droplet on a solid surface, allowing
the droplet to clot, and applying a paper strip on top. The distance that the blood wicks down the strip
precisely correlates to the fibrinogen concentration. The overall permeability of the clotted droplet is
most likely responsible for this phenomenon. Lower fibrinogen concentrations cause the clotted droplet
to have higher permeabilities and allows for more wicking. The test can determine wherever undiluted
whole blood samples of normal haematocrit (40-50%) have plasma fibrinogen concentrations below 1.6
g/L. However, the test is dramatically improved by diluting whole blood samples. This is because dilution
not only optimises the sensitivity of the test but also eliminates the effect of any thrombin inhibitors and
abnormal haematocrits that may be present. The test can rapidly diagnose hypofibrinogenemia in
critically bleeding patients at the site of injury and save their lives.
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Supplementary Data

4.1.Carstair’s Stain:

REAGENTS

i) Bouin’s Fixative
(1) 250 mL of Formalin (37%)
(2) 750 mL of saturated aqueous picric acid

(3) 50 mL of glacial Acetic acid

ii) Weigert’s Iron Haematoxylin
(1) Solution A
(a) 5 g of Haematoxylin powder
(b) 500 mL of absolute Ethanol
(2) Solution B

(a) Add 6 grams of ferric chloride to 520mL of distilled water, and then add 5mL of
concentrated hydrochloric acid. Stir continuously until the ferric chloride is completely
dissolved.

(3) Mix solution A and B in equal parts, does not keep beyond a day

iii) Picric Acid — Orange G
(1) 200 ml isopropanol
(2) 2.8 g saturated picric acid
(3) 20 ml saturated aqueous picric acid

(4)0.2 g Orange G

iv) Ponceau-fuschin
(1) 1 ml 100% acetic acid

(2) 0.5 g acid fuschin
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(3) 0.5 g Ponceau 2R

v) Aniline blue staining solution

(1) 25 grams of Aniline Blue

(2) 25 mL of glacial Acetic acid

(3) 1,000 mL of distilled water

vi) 1% Phosphotungstic acid

(1) 10 grams of phosphotungstic acid

(2) 1,000 mL of distilled water

PROCEDURE
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16

. Bring paper strips to water.

. Place paper strips in Bouin’s fixative either overnight at room temperature or 1 h at 60°C.
. Wash the paper strips in running water.

. Stain paper strips in Weigert’s haematoxylin for 15 min.

. Differentiate briefly in acid alcohol.

. Wash in running tap water for 10 min.

. Stain paper strips in Picric acid-orange G solution for 45 min.

. Wash in running tap water.

. Stain paper strips in Ponceau-fuschin solution for 5 min.

. Wash in running tap water.

. Apply 1% tungstophosphoric acid for 15 min (not required to wash sections after this step).
. Stain with Aniline blue staining solution for 20 min.

. Wash in running tap water.

. Dehydrate through 3 changes of ethanol.

. Clear in 3 changes of xylene.

. Mount with DPX.
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4.2.Paper Strip Cut-Out:

6 cm

Supplementary Figure 24: Cut-out of Paper Strips showing dimensions, markings and locations. The paper strip cut-out stencil was drawn
on CorelDRAW X6 and a 60 Watt Epilog Helix was used to laser cut the paper.

After laser cutting the paper with the stencil used in Supplementary Figure 24, paper strips were ripped
out individually with tweezers and experimented with.

The 0 mm marking refers to the location where the paper strip was dropped on top of the clotted droplet.
The 0 mm marking aligned with the edge of the clotted droplet covering it in whole.
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4.3.Manual Camera Setup:

In order to capture videos which manually focused on the strip’s markings, ProMovie was used on an
iPhone 6. The zoom was adjusted to 3.00 X to get maximum zoomage and the focus was changed until
the markings on the paper strips could be clearly seen (as shown in Supplementary Figure 25).

The videos recorded could then be screenshotted and used for analysis on Imagel.

00: _ O 68%
00:00:00 01h 16m 141G ), @ 68% EV 09.1 FOCUS

[ 37 20 3931K
Inlolodol SHUTTER  ISO WB

Supplementary Figure 25: Settings on ProMovie used to manually focus and zoom on the paper strip’s markings.
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4.4.Measuring Process:

0 g/L Fibrinogen 3.2 g/L Fibrinogen

1. Take
Screenshot 30
seconds after
blue dye is
applied to
strip

2. Download
image on
computer and
open on
Image J

3. Invert

4K 3840x2160 @ 30 FPS 48kHz AAC Mono 21 Mbps 1.6G
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4. Flip to this
orientation

9 9L sdqn LZ OUOW DYV ZHA8Y Sdd 0€ ® 091Zx0V8E v

5. Zoom into
strip

6. Draw box
between the
0.5cm
markings the
wicking front
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midpoint is
located
between.

7. Take note of
the actual 0.5
cm
increments
used down
the strip

Wicking front midpoint is located between 2.5 -3 cm.

Wicking front midpoint is located between 0.5 -1 cm.

8. Plot Profile of
box

9. Take note of
the number of
horizontal
pixels the 0.5
cm increment
covers.

70

Distance (piels)

0.5 cm = 20 pixels

T T

64 - \ ]
_/A

Distance (pixels)

0.5 cm = 16 pixels

10. Identify area
of steepest
decrease. This
correlates
with the
wicking front

LHS: x - 12 pixels; y — 62 Gray Value
RHS x — 16 pixels; y — 17 Gray Value

Median gray value: y — 44.5

LHS: x - 7 pixels; y — 70. Gray Value
RHS x — 10 pixels; y — 64 Gray Value

Median gray value: y - 67
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11.

Find closest
corresponding
x-point of
median gray
value. This is
the midpoint
of the wicking
front.

X midpoint = 13 pixels

X midpoint = 9 pixels

12.

Convert pixels
into cm

13 pixels
Length = 2.5cm + 0.5 cm X

Length = 2.83 cm

20 pixels

9 pixels
Length =0.5cm + 0.5 cm x

Length = 0.78 cm

16 pixels

Supplementary Figure 26: Step by step process of calculating wicking length on Image J.
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4.5.Effect of Humidity:

—=—67% RH
. —e—-60% RH
—4 - 55%RH

g
o
I

Blood Wicking Length (cm)
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I I I
0 100 200 300

Blood Wicking Time (sec)

Supplementary Figure 27: Testing of 3.2 g/L whole blood sample at different relative humidities. Whole blood reacted with thrombin for
3 min and blood wicking length was measured using ImagelJ. Each data point was tested 1 time.

Supplementary Figure 27 demonstrates a single whole blood sample wicking at different relative
humidities to observe the effects of drying on wicking blood. At smaller wicking times, the blood wicking
lengths are quite similar. However, at longer wicking times the effect of drying becomes more pronounced.
Whole blood droplets at low relative humidities dry out faster than at high relative humidities. Hence,
they stop wicking at both shorter wicking times and lengths. Therefore, to minimise the effects of humidity,
the test is more suitable to wicking for short times (ie. 30 s) than long times.
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4.6.Raw Results After Drying:

Supplementary Figure 28: Raw results for the wicking of clotted droplets of different fibrinogen concentrations. Whole blood samples
of different fibrinogen concentrations were tested. Paper strips were collected after drying and scanned. Lower fibrinogen
concentrations cause further blood wicking to occur.

4.7.Effect of Reaction Time:

Supplementary Figure 29 investigates the effect of reaction time to observe how long it takes for the
reaction to complete. Whole blood droplets reacted with thrombin for different periods of time before a
paper strip was placed on top of them. The longer the reaction time the greater the wicking length is
perturbed. At 30 s, a plasma fibrinogen concentration vs blood wicking length curve is already developing.
However, it is not developed until at least 120 s. At 180 s, no more significant change occurs in the curve.
This indicates that the reaction is completed in between 120 s and 180 s.
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Plasma Fibrinogen Concentration (g/L)

Supplementary Figure 29: Testing of whole blood samples under different reaction times. Blood wicking length was measured after 30
s of wicking using ImagelJ. Each data point was tested 3 times and the mean and standard deviation are reported.
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Positive
Control

(Plasma with
Fibrinogen)

Negative
Control

(Plasma
without
Fibrinogen)

Start of Strip

Mlddle of Strlp

Supplementary Figure 30: H|stolog|cal stalmng and imaging of plasma samples on paper with (positive control) and without (negative control) fibrinogen. Plasma droplets were deposited
on a PTFE coated glass slide, mixed with thrombin and reacted for 3 min, before a paper strip was placed on top of the droplet. After drying, the paper strips underwent a Carstairs stain to

visualise the location of fibrin throughout the paper. Imaging was performed on a Nikon Eclipse Ni-E Upright Microscope at (5X zoom). Red = Fibrin; Blue = Cellulose.
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4.8.Fibrin Staining:

Supplementary Figure 30 illustrates the location of fibrin along the strip after drying to determine
whether the fibrin moves with the wicking fluid as one phase or remains in the droplet during wicking.
Both a positive control (plasma with fibrinogen) and a negative control (plasma without fibrinogen) were
imaged. A Carstair’s stain was performed to visualise the location of fibrin along the paper strip (See
Supplementary Section 4.1). Fibrin deposits are coloured red, cellulose fibres are coloured blue. The start
of the strip refers to the position where the paper strip was placed on top of the clotted droplet. The
middle of the strip refers to a location approximately 3 cm down the strip away from the clotted droplet
- where blood has clearly wicked to. There is a strong presence of fibrin deposits at the start of the strip
for the positive control, but not the negative control. However, there is no presence of fibrin in the middle
of either strip. This means that the fibrin remains in the clotted droplet and does not wick down the strip.
Only the remaining serum fluid from the clotted droplet wicks down the strip. Therefore, once the droplet
has reacted with thrombin, 2 phases are formed: a clotted phase and an unclotted phase. When the strip
is placed on the clotted droplet, only the unclotted phase can wick down the strip.
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4.9.Effect of Droplet Contact Angle:

Hydrophobic Surface Hydrophilic Surface

=2

Supplementary Figure 31: Comparison of the test performed on hydrophobic and hydrophilic-surfaced glass slides after it has completely
dried and wicked no more.
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Supplementary Figure 31 compares the wicking of blood on hydrophobic surfaces and hydrophilic
surfaces. Since hydrophilic surfaces produce droplets with lower contact angles, it also causes the droplet
to spread out much further. To ensure the comparison was controlled, the contact area between the

paper strip and the clotted droplet was kept consistent. This was achieved by allowing an interfacial
contact length between 3-4 mm to form.

[ ] Contact Angle
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©
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Hydrophillic Surface Hydrophobic Surface

Supplementary Figure 32: Measurement of water droplet contact angle on hydrophobic and hydrophilic-surfaced glass slides. Each data
point was tested 3 times and the mean and standard deviation are reported.

Supplementary Figure 32 determines the water droplet contact angle of both the hydrophobic and
hydrophilic-surfaced glass slides. The contact angle was measured using a Dataphysics OCA35 device. A 2
plL droplet of water was deposited onto the surface and the contact angle was measured afterwards. The
difference in contact angle is significant. The hydrophilic surface produced a contact angle averaging 25°
whilst the hydrophobic surface produced a contact angle averaging 130°. Respectively, these angles are
indicative of the angles of the unbeaded and beaded droplets formed in the actual test.
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Supplementary Figure 33: Testing of hydrophobic and hydrophilic-surfaced glass slides. Whole blood reacted with thrombin for 3 min
and the blood wicking length was measured after 30 s (top) and 60 s (bottom) of wicking using ImageJ. Each data point was tested 3

times and the mean and standard deviation are reported.
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Supplementary Figure 33 investigates the effects of droplet contact angle and measures the blood wicking
length after different wicking times. Unbeaded droplets and beaded droplets are tested on hydrophobic
and hydrophilic surfaces, respectively. After 30 s (top graph) there are insignificant differences in wicking.
Unbeaded droplets wick slightly further than beaded droplets. This is hypothesised to be due to the
unbeaded droplets ability to wet the paper more efficiently. However, no difference in sensitivity is
observed. After 60 s, the initial wetting effect becomes neutralised. Both unbeaded and beaded droplets
wick to the same lengths. Despite the significantly different contact angle unbeaded and beaded droplets
display in Supplementary Figure 32, the overall effect it has on the test is subtle. Hence, the test can work
with different solid surface materials and droplet contact angles.
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4.10. Relationship between Haematocrit, Viscosity and Blood Wicking Length:

Viscosity (cP)
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Supplementary Figure 34: The relationship between haematocrit, viscosity and blood wicking length deciphered from artificially
prepared blood samples. Top Graph: haematocrit vs viscosity. Middle graph: viscosity vs blood wicking length. Bottom graph: haematocrit
vs blood wicking length. Each data point was tested 3 times and the mean and standard deviation are reported.

Supplementary Figure 34 determines how haematocrit, viscosity and blood wicking length all relate to
each other. Blood samples were prepared by washing red blood cells (as described in the methodology
section) and diluted in PBS to different haematocrits. The viscosity of each blood sample was measured
using a Cannon-Fenske viscometer of size 200 (~0.1 cSt/s). Since the density of whole blood (ie. 1.06 g/mL)
is very similar to that of PBS solution (ie. 1.00 g/mL), the density used to convert cSt to cP was assumed
to be 1.00 g/mL for all blood samples. The blood wicking length was measured using the main test
procedure (described in the methodology section).

The top graph shows an exponentially increasing relationship between haematocrit and viscosity.
Haematocrits above 10% show significant changes in viscosity. However, haematocrits below this value
do not change significantly.

The middle graph shows an exponentially decaying relationship between viscosity and blood wicking
length. The effect of viscosity changes significantly up until 3 cP. After that, the effect of viscosity becomes
insignificant.

The bottom graph shows a sigmoidal relationship between haematocrit and blood wicking length. This
shape arises due to: 1) the insignificant changes in viscosity below 10% haematocrit (as shown in the top
graph); 2) the insignificant effect of viscosity on blood wicking length above 40% haematocrit (as shown
in the middle graph).
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4.11. Relationship Between Droplet Fibrinogen Concentration and Contact Area:

Fibrinogen Concentration Fibrinogen Concentration

0.4 g/L Fibrinogen

T /™ aaeet -y SELE R
e . i =
0.2 g/L Fibrinogen
=4.5mm
0.1 g/L Fibrinogen n—_ it
=6 mm

Supplementary Figure 35: Comparison of the contact length between the paper strip and clotted droplets of different fibrinogen
concentrations. Images were taken after they had completely dried and wicked no more.
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Supplementary Figure 36: The relationship between the clotted droplet fibrinogen concentration and the contact area with the paper
strip. Each data point was tested 4 times and the mean and standard deviation are reported.
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Supplementary Figures 35 and 36 explores the relationship between the clotted droplet fibrinogen
concentration and the contact area with the paper strip. This in turn explains how the droplet stiffness
impacts on blood wicking length and why Graph 4 linearises at higher dilutions.

As the clotted droplet’s fibrinogen concentration decreases, so does its stiffness (as less fibrin is present).
At fibrinogen concentrations below 0.4 g/L, the stiffness drops so low that it compresses underneath the
weight of the paper. As the fibrinogen concentration drops, the compression increases exponentially.
Consequentially, the contact area between the paper strip and the clotted droplet also increases. This
causes more blood to wick out of the droplet than it would have otherwise if the clotted droplet resisted
compression.

This can be explained with Darcy’s Law:

k AP

u L
And the volumetric flux equation:

_ LA,
T otA

Where L, is the blood wicking length, A, is the paper cross sectional area, t is the wicking time and A is
the contact area between the clotted droplet and the paper strip.

From Supplementary Figure 36, the clotted droplet resists compression when its fibrinogen concentration
ranges from 0.4-1.6 g/L. This is relevant for the curves created for the 1:0 and 1:1 dilutions.

The only factor modulating the blood wicking length between these concentrations is the permeability of
the droplet (k). Hence, the permeability of the droplet is proportional to the blood wicking length:

koL,

Given that higher fibrinogen concentrations (c) create droplets with lower permeabilities, the 2
parameters are inversely proportional to each other. Hence the blood wicking length will also be inversely
proportional to the fibrinogen concentration:

" x

x|r

Hence the fibrinogen concentration vs blood wicking length relationship seen for these concentrations is
non-linear.

At larger dilutions (ie. 1:3 and 1:7), the curve linearises. These dilutions correspond to clotted droplet
fibrinogen concentrations below 0.4 g/L. As the fibrinogen concentration drops below this range, the
blood wicking length becomes modulated by both the clot permeability and contact area. Each time the
clotted droplet’s fibrinogen concentration halves, the contact area increases by roughly 25%. Hence, it
wicks 25% further than it would on permeability alone. This increase is enough to convert the non-linear
relationship seen with the 1:1 dilution curve to a linear relationship seen with the 1:3 dilution curve.
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4.12. Relationship between Fibrinogen Concentration and Clotting Time:

40 -

Clotting Time (s)
N
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1.6 g/L 0.8 g/L
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Supplementary Figure 37: The relationship between the droplet fibrinogen concentration and the time before it clots. The procedure
for determining the clotting time is given in Supplementary Figure 38. The clotting time for each data point was verified 3 times.

Supplementary Figure 37 demonstrates the time taken to clot a droplet after it has been first mixed with
the thrombin solution. The longer the clotting time the better, as more time is afforded for the end-user
to be able to successfully mix and deposit the droplet onto the glass slide. A whole blood sample was
prepared from normal plasma (as described in Chapter 4 Section 2.2.3 of the methodology). This sample
was then serially diluted with PBS (as described in Chapter 4 Section 2.2.9) to produce other samples of
lower fibrinogen concentrations.

To measure clotting time, 5 plL of thrombin was added to a PCR tube. It was then mixed repetitively with
a pipette containing 25 pL of blood. The timing started the moment the blood and thrombin solution first
mixed. Once the blood and thrombin solution mixture appeared uniform, it was re-suctioned into the
pipette so that the clotting time could be determined. The clotting time was determined as the time the
mixture could no longer escape from the pipette tip. The formation of the clot prevented the mixture
from being dispensable from the tip. The clotting time was calculated by iteration using the procedure
given in Supplementary Figure 38:
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Mix whole blood and Re-suction mixture Attempt to dispense
thrombin in tube and wait until at dispensing time
dispensing time

Yes No
D Pogs mixture )
dispense?
Add 5 seconds to
dispensing time and Clotting time
repeat procedure determined

Supplementary Figure 38: Summary of methodology to determine the clotting time for droplets of different fibrinogen concentrations.
The clotting time was determined as the time the mixture could no longer be dispensed from the pipette. Dispensing times began 10 s
after the starting time and determined iteratively. 5 s was added to each iteration until clotting was evident.

The clotting time increases with decreasing fibrinogen concentration. This is a well-known phenomenon
seen in Clauss assays. An undiluted whole blood sample of normal fibrinogen concentration clots after 15
s. However, diluting by half, causes the clotting time to increase to 45 s. Hence, by diluting, the time
afforded to the end user before clotting increases. This makes the test easier to perform.

172



4.13. Effect of Paper Strip Dropping Height in Prototype Diagnostic:
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Supplementary Figure 39: Comparison of a whole blood sample (diluted 1:7) using the proof-of-concept methodology (as described in
Section 3.6 and 3.7) and the prototype diagnostic (as described in Section 3.13). The paper strip in the diagnostic was released at variable
heights (i.e. 1 cm and 2 cm) above the glass slide. Each data point was tested 4 times and the mean and standard deviation are reported.

Supplementary Figure 39 compares the wicking and measurement of the prototype diagnostic at variable
dropping heights to that of the proof-of-concept methodology. It determines the optimal dropping height
of the diagnostic.

Regardless of the dropping height, the prototype diagnostic wicks very similarly to the proof-of-concept
methodology (where the paper strip is manually released millimetres above the clotted droplet).

Although minor, the 2 cm dropping height causes the diagnostic to wick slightly further than the 1 cm
dropping height. We hypothesise this to be due to the greater impact between the paper strip dropped
at that height and the clotted droplet. Hence, Figure 10 displays the results of the prototype diagnostic
with a 1 cm dropping height.
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4.14. Wicking Front Enhancement:

Supplementary Figure 40: Wicking front enhancement for diluted blood samples (ie. 1:3, 1:7 and 1:15). 0.1 pL of Queens Blue Food Dye
(undiluted) was pipetted 1.5 cm from the top of the paper strip.

Supplementary Figure 40 shows how wicking fronts from blood samples with poor visibility were
enhanced. Diluted blood samples produced wicking fronts that were difficult to see and analyse. Hence,
a minute amount of blue dye was added to the strip - downstream from where the paper strip landed on
top of the blood sample.

After the paper strip was placed on the blood sample, the wicking front mixed with the blue dye so that
it could be easily seen.
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4.15. Effect of Platelets:
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Supplementary Figure 41: Testing of whole blood with and without platelets. Whole blood reacted with thrombin for 3 min, and
the blood wicking length was measured after 30 s of wicking using ImageJ. Top Graph: whole blood tested without dilution.
Bottom Graph: whole blood tested after a 1:7 dilution in PBS.

Supplementary Figure 41 illustrates the effect of platelets on the whole blood test. Whole blood
was collected from a donor - not on aspirin — in citrated tubes and used within 4 hours.

Samples with platelets consisted of the collected blood used without further modification. Samples
with no platelets involved removing the platelets from the collected blood through manual pipetting.
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First, 2 blood samples were centrifuged at 3000 rpm for 15 min. In one sample, the volume of plasma
and volume of blood cells was measured to calculate the haematocrit of the collected blood. In the
other sample, the plasma layer was separated into another tube, the platelets were removed (by
pipetting them out) and the remaining RBCs and plasma were recombined (to the correct
haematocrit) to create blood with no platelets.

2 scenarios were tested: 1) whole blood used undiluted (top graph); 2) whole blood used after a 1:7
dilution ratio in PBS (bottom graph).

Both graphs show that platelets do not have a significant impact on the test. However, the extent to
which the citrate inhibits the platelets is unknown. Therefore, further work with uncoagulated whole
blood is needed in order to reach a conclusion.
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4.16. Terminology:

Table S13: Definition of common terms as used in the manuscript to provide clarity.

Term

Description

Blood

A sample/fluid composed of blood cells and/or components of plasma
of any composition. It is used in this manuscript as an umbrella term
(e.g. blood wicking length refers to the distance that fluid from a blood
sample has wicked down the paper strip).

Whole Blood

Blood sample which contains a mixture of blood cells and plasma at
physiologically relevant compositions (i.e. compositions that are
typically found in the blood stream). In this manuscript, a whole blood
sample refers to a pre-made mixture of 50% red blood cells and 50%
plasma (unless the composition is stated otherwise).

Droplet

A mixture of thrombin solution and whole blood or plasma that is
immediately deposited on the PTFE-coated glass slide.

Unbeaded Droplet

A droplet with an acute contact angle (< 90 degrees).

Beaded Droplet

A droplet with an obtuse contact angle (> 90 degrees).

Clotted Droplet

A droplet after the fibrinogen in it (if present) has polymerised into
fibrin and formed the fibrin scaffold.

Non-fibrinogen Effects

The effect that RBCs and plasma proteins (other than fibrinogen) have
on blood wicking. As RBCs and plasma proteins both interact with
cellulose fibres and increase the viscosity of a blood sample, they are
able to slowdown the movement of blood through the paper strips
(irrespective of what the fibrinogen concentration of the blood sample
is).

When the Clotted Droplet is formed, 2 phases are created:

Clotted Phase

The viscoelastic phase which consists of the fibrin scaffold and
entrapped RBCs.

Unclotted Phase

The liquid phase which consists of RBCs and unbound plasma molecules
that did not get entrapped by the fibrin scaffold.
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Chapter 5: A Simple Prothrombin Time Paper Diagnostic

Publication Details
Publication Status: Submitted

Journal: ACS Sensors

Reference: N/A

Abstract

Prothrombin time (PT) assaying is essential to detect liver disease and monitor anticoagulant therapy in
patients susceptible of thrombosis or stroke. Globally, over 200 million PT tests are performed per year —
putting major strain on biomedical laboratories. The concept of point of care (PoC) diagnostics for
monitoring PT has grown in popularity. This is due to the ability for patients to self-test with only a
fingerprick of blood. However, there is currently no test available that is rapid, cheap and requires no
external equipment. In this manuscript, we develop a novel hand-held and easy to use paper-based PT
diagnostic that works with whole blood. The test functions by pre-mixing a small blood sample with tissue
factor (TF) solution in a PCR tube, depositing it on a glass slide as a droplet, reacting for a certain period
and then dropping a paper strip on top of the droplet. The concept is simple: blood samples that have
clotted after interacting with the TF will wick significantly less than those that have not clotted yet. The
test can be completed in a minute. Hence, it can be used to rapidly measure whether samples are above
or below the key internal normalised ratios (INRs) - the current measuring standard. The paper sensor can
easily distinguish between INRs of 1, 1.5, 2 and 3 - the values of biomedical importance. Therefore, this
new test can allow for liver disease diagnosis or anticoagulant drug monitoring in resource limited places.
Thus, it can help save 20 million lives per year.

NORMAL
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1. Introduction

Prothrombin time (PT) quantifies the time taken for blood to clot once bleeding is induced. It measures
the activity of coagulation factor (CF) enzymes involved in the tissue factor (or extrinsic) pathway of
clotting. The extrinsic pathway is activated when blood is exposed to the tissue that surrounds the site of
blood vessel damage. The cells of these tissues express a protease receptor called tissue factor (TF) (28).
After exposure, TF activates the cascade of extrinsic pathway enzymes. Eventually, this converts
fibrinogen into fibrin and allows bleeding to stop (257).

PT is currently measured by collecting a patient blood sample, centrifuging it, extracting the plasma,
heating it to 37°C and adding a TF reagent to it. This process requires a full biomedical laboratory to
perform and usually requires 10-20 min. The PT is measured as the time required until a clot has formed.
Healthy samples generally take 12 s to clot upon addition of the reagent (258). However, since different
laboratories use different reagents and equipment to measure PT, the measurement of healthy samples
vary as well. Because of this, reference plasmas (of known PT) are used to achieve standardisation. Thus,
PT can be converted into an internal normalised ratio (INR) as such:

ISI
INR = (PTPatient) (4)

PTHealthy

Where PTpgtien: is the prothrombin time of the patient being tested, PTxeqi¢ny is the prothrombin time
of a healthy reference plasma and ISI is the activity of the TF reagent. Due to its definition, the INR of a
healthy blood sample, will always range narrowly from 0.9-1.1 (259).

PT tests are heavily implemented in monitoring thrombotic and liver diseases. Acute liver failure is
diagnosed when the INR of a patient rises above 2. Since the extrinsic pathway CF enzymes are synthesised
in the liver, a deficiency of them in the blood is a clear indicator of liver disease. However, when patients
also show signs of encephalopathy, their INR only needs to measure above 1.5 to be diagnosed with acute
liver failure (260). In both these situations, patients may require liver transplantation (261). Likewise,
patients who are at risk of thrombosis or stroke require their INR to become elevated above 2.
Anticoagulant therapy is used to achieve this. The most common anticoagulant used to prolong INR is
warfarin. Warfarin works by preventing the synthesis of extrinsic pathway CF enzymes (229). Hence, it
impairs the ability of the patient to form clots. However, excessive anticoagulant therapy is also dangerous
as it exposes the patient to a risk of bleeding excessively. Therefore, to minimise the risk of under or over-
dosage, patients often require their INR to be kept between 2 and 3 (262).

Globally, these diseases cause an estimated 20 million mortalities per year (263, 264). Because of this,
more than 200 million PT tests must be performed annually (265). This puts major resource strains on
biomedical laboratories that use current PT assays. Hence, the large demand for PT testing has made day-
to-day monitoring of patients infeasible in health centres.

More recently however, the development of point of care (PoC) devices has allowed patients to test their
own blood daily. PoC devices - such as the Coaguchek - require the patient to take a finger prick of their
own blood, then apply it on a test card and finally insert it into an analysis instrument. This analysis
equipment then relies on an electrochemical reaction to determine the INR (266). However, these devices
are prohibitively expensive for personal use. The analysis system cost more than AU$700. Furthermore,
the test strips cost AUS6-8 each. This makes self-testing unaffordable in both developing nations and
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developed nations where healthcare is not publicly subsidised. The USA alone has 15 million warfarin
users that require daily anticoagulant monitoring (267).

The most affordable PoC PT diagnostic to date has been developed by Li et al. (206). The test induces
clotting of a blood sample, before immediately adding it to a paper-based lateral flow strip. The concept
is simple; the further the blood travels up the strip, the longer it takes to clot. Hence, further wicking
distances correlate to longer PT/INRs. The test is easy to use, quick and results can clearly be seen to the
naked eye. However, it relies on wicking and clotting to occur simultaneously. This severely restricts the
maximum sensitivity that can be achieved. Because of this issue, the test is strongly impacted by
haematocrit (i.e. the red blood cell concentration). The haematocrit of a blood sample dictates its viscosity.
Hegener et al. performed clinical trials on this device with patients over a wide range of haematocrits
(=15%) (268). They found that blood samples of lower haematocrit wick further and falsely elevate the
measured INR. Overall, the test cannot easily distinguish INRs between 1-3 over that range. Therefore, a
separate haematocrit measuring device is required to calibrate and interpret the result - which makes it
difficult to execute as a PoC diagnostic (269).

Currently, there is no paper-based PT diagnostic that can distinguish INRs between 1-2 (for liver disease)
or 2-3 (for anticoagulant monitoring) without requiring extra equipment. There have been no convenient
and affordable PoC PT diagnostics developed yet.

In our previous study, we developed a hand-held fibrinogen concentration diagnostic that operates with
whole blood (201). In the test, whole blood samples get mixed with thrombin solution in PCR tubes until
they are uniformly distributed. Each mixture is then deposited as a droplet onto a glass slide. After reacting
for 3 min, a paper strip is placed on top of the clotted droplet and blood wicks down it for 30 s. The further
the blood wicks, the lower the fibrinogen concentration.

Given that this test utilises pre-mixing, it allows fibrinogen to be completely converted into fibrin, before
the paper strip is placed on top — thus optimising its sensitivity. Hence, the test can clearly detect if a
sample has clotted or not — regardless of haematocrit.

In this study, we demonstrate a rapid, reliable and cheap paper-based PT diagnostic that functions directly
with whole blood. The test performs similarly to the previously developed whole blood fibrinogen
concentration diagnostic. However, instead of using a thrombin solution as the reagent, it relies on a
tissue factor (TF) solution instead. The test looks at whether a blood sample has clotted or not after
reacting with TF for a selected time. The paper strip - once placed on top of the sample - determines
whether it has clotted. This is indicated by a clear throttling of wicking distance. Hence, it can be used to
clearly determine if a blood sample is above or below key INRs - which makes it suitable for monitoring
liver disease and anticoagulant coagulation.

In this study, we first prove the concept - by observing the reaction time vs wicking distance relationship
using blood samples with different INRs. We then investigate the effect of haematocrit on the test and
analyse ways to mitigate its effect. Afterwards, we analyse if the diagnostic can be used for liver disease
detection and anticoagulant monitoring. Finally, because the test may be used in developing nations
with minimal temperature regulation, we also observe the effect of temperature.
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2. Materials and Methodology

2.1. Materials
Tissue paper of 30 g/m? and 160 um thickness was used to create the paper strip cut-outs. They were
produced in the Kimberly Clark Experimental Forming Unit (EFU), Neenah (WI), USA. Tissues consist of
eucalyptus fibres formed with a three-layer headbox. 10 kg/ T Kymene, a polyaminoamide-
epichlorohydrin (PAE) wet strength agent, was added to each layer. Tissues were moulded and thoroughly
air-dried.

Three batches of lyophilised citrated platelet-poor plasmas and tissue factor (TF) reagent were sourced
from Affinity Biologicals (Ancaster, ON, Canada). The plasmas used represented healthy (Plasmacon N),
mildly abnormal (Plasmacon L1) and highly abnormal (Plasmacon L2) prothrombin time (PT) parameters.
Their internal normalisation ratios (INRs - see Equation 4) were 1, 1.7 and 5.2, respectively. Each lot
derived from a pool of 20 donors, buffered with 0.02 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer to stabilise the pH at around 7.4. The TF reagent used was Phosphoplastin RL. It had
an international sensitivity index (ISl — see Equation 4) of 1.13. Ethylenediaminetetraacetic acid (EDTA)
anticoagulated donor blood tubes were sourced from the Australian Red Cross.

Phosphate-buffered saline (PBS) tablets (79382) were sourced from Sigma Aldrich. MilliQ water was used
to dissolve the PBS tablets and reconstitute vials of plasma.

“PCR Strip Tubes 0.2 mL Thin Wall & Flat Caps” from Axygen (Union City, CA, USA) were used as the tubes
for mixing. They are referred to as PCR tubes throughout the manuscript.

Westlab microscope glass slides (25 x 75 x 1.0-1.2 mm) were used to provide a surface for blood droplets
to form on top of. Kinetic 12 mm x 10 m white standard thread seal tape (PTFE tape, Bunnings, Australia)
was used to wrap around the glass slides and allow the deposited droplets to become beaded.

2.2.  Methodology

2.2.1.  Paper Strip Cut-Out Preparation

Paper strip cut-outs were designed using CorelIDRAW X6 with the dimensions shown in Supplementary
Figure 42. Paper was cut on a laser cutter (60 Watt Epilog Helix) using the cut-outs prepared on
CorelDRAW X6. The print settings used were 100% speed, 5% power, and 500 Hz frequency. It was
important to ensure that the strips were cut parallel to the machine direction of the paper for uniform
and maximum wicking. To ensure that the test produced consistent results, the paper strips had to be cut
thin enough to prevent gaps from being introduced into its structure. Otherwise, the blood could wick
further than it should. In our previous study, we found that 3 mm paper strips produces precise results
after wicking (199). Therefore, this width was chosen for the paper strips in this study as well.

2.2.2. Phosphate-Buffered Saline (PBS) Solution Preparation
Five tablets of PBS were added to a 1 L Schott bottle. 1 L of MilliQ water was added into the Schott bottle.
The PBS tablets were dissolved in solution by gently rocking the Schott bottle with a WiseShake SHR rocker
at 40 rpm overnight.

2.2.3.  Whole Blood Solution Preparation
Vials of Plasmacon N, L1 and L2 were reconstituted with 1 mL of distilled water. Since none of these
plasmas had INRs of 2 or 3, they had to be created by mixing the plasmas to the correct ratios. This is
summarised in Supplementary Section 5.2.

181



Red blood cells (RBCs) were sourced from EDTA anticoagulated donor blood. A donor blood tube was
centrifuged for 15 min at 3000 rpm on an Eppendorf 5702 centrifuge. This completely fractionated the
blood components. The plasma supernatant was discarded with manual pipetting. The RBCs were then
washed with PBS solution. 3 mL of PBS solution was added to the RBCs before resuspension and
recentrifugation for 15 min at 3000 rpm. The PBS supernatant was then discarded with manual pipetting.
The washing step was repeated until the PBS supernatant appeared clear. The final clear PBS supernatant
was discarded, and the washed RBCs were retained and used on the day of experimentation.

Whole blood samples of different fibrinogen concentration were prepared by mixing washed RBCs and
plasma samples together. Whole blood samples with different haematocrits were prepared by changing
the mixing ratio of washed RBCs and plasma. The whole blood samples were used on the day of
experimentation. Because blood cells sediment in whole blood samples over time due to gravity, they
were uniformly suspended each time before use.

2.2.4. Diagnostic Assembly
Diagnostics were prepared by wrapping one piece of PTFE tape around a glass slide with the tape lying
flat.

A black marker was used to mark two points 5.8 cm apart on the PTFE tape. A paper strip was placed over
the two markings. The bottom edge was aligned to one marking and attached with sticky tape. A bent
paper clip was wedged between the other end of the paper strip and the glass slide. This allowed the
paper strip to levitate over the glass slide.

2.2.5. Main Test
Experiments were performed in standard laboratory conditions (i.e., 23 °C, 50% relative humidity) unless
stated otherwise.

25 pL of whole blood was typically mixed in 50 pL of Phosphoplastin RL inside a PCR tube. This created a
2:1 ratio of TF solution to blood. The mixing was done by pipetting up and down at least 10 times to ensure
that the blood and thrombin were dispersed uniformly in each other (without creating bubbles). The
resulting 25 pL mixture was deposited (as a beaded droplet) directly on top of an assembled diagnostic -
at the site of the free marking.

To test for prothrombin time (PT), the blood mixture was left to react on the diagnostic over variable
times. After the desired reaction time was completed, the paper clip was pulled from the diagnostic. This
allowed the paper strip to fall on top of the mixture and initiate wicking.

The blood wicking length was determined 30 s afterwards by the naked eye. 30 s was chosen as the
wicking time as it was long enough to produce clear wicking differences between clotted and unclotted
samples. However, at the same time, it was not long enough to be affected by the drying rates of humidity.

The reaction time was defined as the time the blood first mixed with the TF solution to the time the paper
strip fell on top of the droplet.

To ensure timing was accurate, a timer was used. After starting the timer, the times at which mixing,
pulling and wicking were all noted. Hence, this minimised the need to continuously stop-start the timer
and induce human error.

A visual demonstration of the entire test is presented in Figure 40.
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2.2.6. Changing Mixing Ratio
The mixing ratio of TF solution to whole blood was done by changing the volume of Phosphoplastin PL
used. For example, a 1:1 ratio was achieved by using 25 uL of Phosphoplastin PL. 25 pL of whole blood
was still used. This ensured that the mixture deposited onto the diagnostic maintained at 25 pL.

2.2.7. Effect of Temperature
Experiments were performed in a Memmert UF 55 incubator. All reagents and apparatus were left in the
incubator at 32°C for an hour beforehand. This ensured that they were equilibrated at the correct
temperatures.

Afterwards the main test was carried out inside the chamber. As the chamber door was left open over the
duration of testing, =0.5-1°C was lost from the chamber every time it was performed. Therefore, the
chamber door was re-closed for 3 min between tests to allow the chamber and reagents to return to 32°C.
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3. Results

Whole blood samples were mixed with the tissue factor (TF) solution in a PCR tube until uniformly
distributed. The sample was then deposited as a droplet onto a glass slide with a paper strip levitating
above it (via a paper clip). After certain reaction time intervals, the paper clip was released and the strip
fell on top of the droplet. This is shown in Figure 40.

Prothrombin time (PT) is indicated by the formation of clots at specific time intervals. As clot formation
throttles the wicking of blood, it is detected by a decrease in the lateral flow of blood down the strip.
Whole blood samples with larger Internal Normalisation Ratios (INRs) will take longer to clot than samples
with smaller INRs. Hence, they will require a larger reaction time interval to experience lateral flow
perturbation.

The test relies on a similar clotting/wicking mechanism as that previously developed for the whole blood
fibrinogen diagnostic (201). After the blood droplet has clotted on the glass slide, 2 phases are created:
the clotted phase and the unclotted phase. The clotted phase consists of the fibrin and particles attached
to it - which includes the red blood cells. The unclotted phase consists of the rest of the blood sample.

When the paper strip is placed on top of the clotted droplet, only the unclotted phase can wick and travel
through the strip. However, the clotted phase is a soft, porous solid with its own permeability. Hence, it
can throttle the migration of the unclotted phase down the strip. Darcy’s Law can be used to explain it as
such:

k AP
q=-,71(2)
where g is the flux of the unclotted phase, u is the viscosity of the unclotted phase, k is the permeability
of the clotted phase, AP relates to the paper capillary suction force and L relates to the diameter of the
clotted droplet. As the clot becomes formed, k decreases which subsequently decreases q. This in turn
causes a wicking perturbation clearly visible to the naked eye. Thus, the end user can clearly distinguish
between a clotted and unclotted sample.

Several factors were studied to understand the performance and limitations of the test. These include the
effect of haematocrit, its sensitivity for INRs between 1, 1.5, 2 and 3 (the values of biomedical importance
for liver disease and anticoagulation monitoring) as well as the effect of temperature.
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Figure 40: lllustration of the Prothrombin Time (PT) test using healthy (INR: 1) and abnormal (INR: 1.7) samples.
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3.1.  Concept
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Figure 41: Blood wicking length as a function of Reaction time for 2 whole blood samples of different INRs. The ratio of TF solution to
whole blood used was 2:1. Both whole blood samples had haematocrits of 50%. Each test was performed in triplicate and the average
and standard deviations are reported.

Figure 41 shows the concept for a paper-based prothrombin time (PT) test. It deciphers the differences in
wicking of two whole blood samples - after they have been mixed with tissue factor (TF). Both whole blood
samples had different Internal Normalised Ratios (INRs). One sample clotted normally (i.e. INR: 1) and the
other took slightly longer to clot (i.e. INR: 1.7).

The reaction time was measured from the instance the whole blood sample first mixed with TF, to the
instance a paper strip was placed on top of it (as a deposited droplet). The blood wicking length was
measured 30 s after the paper strip was dropped on top of the blood sample.

The samples clearly wick differently. After 20 s, the normal blood sample begins to clot. This causes the
wicking of blood down the strip to be throttled. After 40 s, the normal sample clots completely whilst the
abnormal sample remains unclotted. The difference in wicking length between the 2 samples is greater
than 1 cm. Therefore, this provides the premise for a sensitive paper-based PT test.

After 60 s, the abnormal sample clots. Hence, wicking is throttled to lengths like that of the normal sample.
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3.2. Effect of Haematocrit
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Figure 42: Effect of haematocrit concentration on blood wicking length. Blood wicking length as a function of Reaction time for 2 whole
blood samples with different haematocrit. The ratio of TF solution to whole blood used was 2:1 (a) and 1:1 (b). Both whole blood samples
had INRs of 1.7. Each test was performed in triplicate and the average and standard deviations are reported.
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Figure 42 deciphers the effect of haematocrit. The haematocrit refers to the volumetric concentration of
red blood cells in whole blood. It is expressed as % v/v. As different individuals possess different
haematocrits (normally in the range between 35-50%), it was desired to test its effects.

Two whole blood samples with the same INR but different haematocrits were tested. Whole blood
samples with lower haematocrits have lower viscosities. Hence, they are expected to wick further on
paper. This in turn could falsely detect samples as being unclotted. However, in both figures, this is not
the case. A clot could be clearly detected regardless of the haematocrit of the blood. In our previous study
(201), we found that pre-mixing large amounts of reagent with small amounts of whole blood neutralised
the whole blood’s viscosity completely. Samples between 25-50% haematocrit did not wick differently
when mixed with reagents to ratios smaller than 1:1 (201). As this test dilutes whole blood to similar ratios,
it is also unaffected by the viscous effects of haematocrit.

However, haematocrit does affect the test in another way. Figure 42(a) shows that samples with 35%
haematocrit clot 10 s earlier than samples with 50% haematocrit. As samples with 35% haematocrit
contain more plasma than samples with 35% haematocrit, they also contain more coagulation factor (CF)
enzymes as well. Therefore, they clot faster. This is further explained in Supplementary Section 5.3.

However, Figure 42(b) shows that this phenomenon is reduced when the whole blood sample is mixed
with less TF solution. A mathematical explanation for this is provided in Supplementary Section 5.4.
Basically, the volume of plasma dictates the amount of CFs present in the droplet, whilst the volume of TF
solution dictates the extent to which they get diluted. Since the volume of plasma present in the droplet
varies with haematocrit, the extent to which the CFs get diluted varies more when pre-mixed with greater
volumes of TF solution. Hence, less TF solution causes less dilutional effects to occur. This in turn causes
less variation with haematocrit.
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3.3. Sensitivity Testing
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Figure 43: Testing of sensitivity for anticoagulant therapy. Blood wicking length as a function of reaction time for blood samples of
different haematocrit and INRs. The ratio of TF solution to whole blood used was 2:1. Each data-point was performed five times and the
average and standard deviations are reported.

In this section, we tested the diagnostic’s sensitivity for measuring different pathologies. This included
anticoagulation monitoring and liver disease. Anticoagulation monitoring requires the diagnostic to
accurately determine whether the patient’s INR is maintained in-between 2-3. Liver disease monitoring
requires the diagnostic to distinguish between a normal INR (ie. 1) from a diseased INR (ie. >1.5). Hence,
we tested physiologically relevant blood samples with INRs of 1, 1.7, 2 and 3. Furthermore, the
diagnostic’s sensitivity may be impacted by the haematocrit. Therefore, we tested physiologically relevant
blood samples with normal reference haematocrit ranges (ie. 35-50%) — since they are most likely to be
encountered by medical personnel during testing.

The diagnostic can accurately monitor anticoagulant dosage (Figure 43). Patients who are at risk of life-
threatening thrombosis require anticoagulants - such as warfarin - to keep their INR above 2. However, at
the same time, they need to limit their intake of these anticoagulants so that they do not risk haemorrhage.
Because of this, their INR also needs to be kept below 3. Hence, it is desired to keep the INR range in-
between 2 to 3.

Two factors were considered when monitoring anticoagulant dosage:
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1. The test’s ability to distinguish between INRs of 2 and 3.
2. The test’s ability to work within the normal haematocrit range - ie. 35-50% (see Figure 42).

First, the INR was compared (by keeping haematocrit constant). A 20 second clotting time lag is shown
between INRs of 2 to 3. This clearly tells patients whether they are overdosed or underdosed.

Second, haematocrit was compared (this time by keeping INR constant). Haematocrit can have an impact
on the test (Figure 42). Larger haematocrits correlate to longer clotting times. This is because the extra
RBCs decreases the volume of plasma, and hence the amount of coagulation factors used in the test.
Despite this, only a 10 second clotting time lag is present between haematocrits of 35-50%.

Finally, to stress test the diagnostic, a sample with an INR of 2 and 50% haematocrit was compared to a
sample with an INR of 3 and 35% haematocrit. Despite the significantly different haematocrit, a 10 second
time lag is still present. Hence, the test is suitable for monitoring anticoagulation.
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Figure 44: Testing of sensitivity for liver disease monitoring. Blood wicking length as a function of reaction time for blood samples of
different haematocrit and INRs. The ratio of TF solution to whole blood used was 2:1. Each data-point was performed in triplicate and
the average and standard deviations are reported.
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Figure 44 illustrates the test’s ability to detect liver disease. The coagulation factor enzymes involved in
the extrinsic pathway are synthesised in the liver. Hence, depleted levels in the blood marks liver disease.
Liver disease is commonly diagnosed when a patient’s INR rises above 1.5 if they have encephalopathy,
and 2 if they do not.

Larger haematocrits cause the test to clot slower (see Figure 42). Hence, a normal blood sample (of INR:
1) with a 50% haematocrit was compared to an abnormal blood sample (of INR: 1.7) with a 35%
haematocrit to stress test.

Despite the difference in haematocrit, the test still displays sensitivity between the two samples - with a
clotting time lag of 10 s.

Therefore, the diagnostic can clearly indicate when blood samples have liver disease.
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3.4.  Effect of Temperature
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Figure 45 Effect of temperature. Blood wicking length as a function of reaction time. The ratio of TF solution to whole blood used was
2:1. The whole blood sample had a haematocrit and INR of 50% and 1.7, respectively. Each data-point was performed in triplicate and
the average and standard deviations are reported.

Figure 45 depicts the effect of temperature on a single blood sample. Much of the developing world lives
in warmer climates without access to air conditioning. Hence, the test was performed at a standard
Equatorial temperature (ie. 32°C) and compared to standard lab conditions (ie. 23°C).

Warmer temperatures affect the test. As the external temperature increases, wicking becomes throttled.
This was thought to be due to either an increase in the reaction rate of the coagulation enzymes or the
rate of evaporation. In our previous studies (201), we found that evaporation becomes pronounced if the
test wicks on paper for more than 2 min. However, given this test only wicks for 30 s, evaporation is
unlikely to have any significant effect (201). Hence, the throttling of wicking is most likely due to the
increased kinetics of the coagulation enzymes. As blood coagulation factor enzymes work optimally at
37°C(270), it is expected for clotting to occur faster at 32°C than 23°C.

The test clots 10 s faster at 32°C than it does at 23°C. Therefore, the test needs to be protected from heat.
Alternatively, a means of calibrating the test at different working temperatures can also be used.
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4. Discussion

We have developed a novel low cost, paper-based and easy to use hand-held prothrombin time (PT)
diagnostic that gives results in around a minute. This is the first portable point of care (PoC) PT device that
does not require external equipment. This diagnostic can be used to detect liver disease and monitor
anticoagulant dosage. First, a whole blood sample is collected. Second, it is pre-mixed with Tissue Factor
(TF) - a blood protease - in a PCR tube to initiate clotting. Third, the mixture is deposited as a droplet on a
glass slide. Finally, a paper strip is placed on top of the droplet. The wicking of the blood through the paper
strip is clearly perturbed when it has clotted. Hence, it can be used to precisely measure whether patients
are above or below key prothrombin times (Figure 41).

PT is typically measured as an internal normalised ratio (INR) value. The INR is a multiple of the time taken
for a patient to clot blood compared to that of a healthy person. For example, a patient with an INR of 2
will take twice as long to clot blood compared to a healthy person. The conversion of PT to INR is
summarised in Equation 4.

PT is most used to detect liver disease and monitor anticoagulant dosage. Since the coagulation factor
enzymes involved in the extrinsic pathway are synthesised in the liver, their depletion commonly marks
liver disease. Acute liver failure is detected when the INR of a patient is at least 2. It is reduced to 1.5 if
the patient suffers from encephalopathy (271).

Likewise, anticoagulant dosage monitoring is essential for patients at risk of stroke, heart attack or deep
vein thrombosis. Globally, 423 million people are diagnosed with these cardiovascular diseases per year
(263). Hence, oral anticoagulants are used to prevent these diseases. The most used anticoagulant is
warfarin. 15 million Americans alone use warfarin (267). Warfarin works by inhibiting the synthesis of
coagulation factor (CF) enzymes produced in the liver. This drops the concentration of these enzymes
found in the blood. Hence, when coagulation is induced, patients clot more slowly — thus decreasing the
risk of thrombosis. However, warfarin must also be carefully administered to prevent over-dosage and
subsequent haemorrhage. In warfarin patients, INRs below 2 are generally considered at risk of
thrombosis and thus require increased warfarin dosage. Likewise, INRs above 3 are generally considered
at risk of haemorrhage and thus require decreased warfarin dosage (262). Furthermore, in extremely high
risk patients — such as those with prosthetic valves — the INR needs to be adjusted between 3 to 4 (272).
Whilst we did not test blood with INRs as high as 4, we strongly hypothesise that the test can distinguish
between samples in this range also.

The test can clearly detect when patients have acute liver disease and may require transplantation (Figure
44). Furthermore, the test can accurately determine whether warfarin patients are at risk of overdosing
or underdosing by directly using a whole blood sample (Figure 43). This subtracts the usual pre-
centrifugation requirement limited to biomedical laboratory settings. Furthermore, due to the test’s
utilisation of cheap and lightweight materials, it eliminates the prohibitive cost barriers normally
associated with the few currently available PoC PT devices such as the Coagucheck.

Therefore, the test can be used in many different testing environments that have not been previously
possible. Those include: 1) resource limited settings which do not have accessible electricity, 2) developed
nations - such as the USA - where public healthcare is not well subsidised. Hence, it can greatly reduce the
burden of the 200 million PT tests that must be performed annually around the world (265).
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4.1. Comparison

As our test pre-mixes whole blood samples with TF solution, a clot can clearly be detected the moment
the paper strip lands on top of the droplet (Figure 40). Li et al. also developed a hand-held lateral flow
paper diagnostic that monitors coagulation (206). The test takes a whole blood sample, pre-induces
clotting, adds the sample to a paper strip and causes wicking to occur. As the sample clots, its viscosity
increases and thus its movement down the strip becomes impeded. Hence, the prothrombin time (PT)
can be indicated by the distance it travels down the strip. Whilst the test is simple to use, it requires
clotting to occur whilst the test is the process of wicking. This creates several limitations.

First, the test of Li et al. wicks for a duration of 4 min. From our previous results, this amount of time
causes humidity to impact results via drying (201). Hence, Li et al.’s test may experience enhanced rates
of blood evaporation in dry conditions and vice versa in humid settings. On the contrary, our test only
utilises wicking for 30 s — a time not affected by humidity as it is too short for the paper structure to be
influenced.

Second, Li. et al’s test is more susceptible to the haematocrit of blood. Hegener et al. performed clinical
trials of the diagnostic and found that it cannot easily distinguish patients with INRs between 1-3. This is
due to the haematocrit of different individuals affecting their blood viscosity (269). On the contrary, our
test can clearly distinguish between INRs of 1 to 1.7 over a similarly tested haematocrit range (ie. 15%)
(Figure 44) - making it suitable for detecting the lower limit of liver disease. Furthermore, it is unaffected
by the viscosity of the blood (Figure 42). Hence, on its own, our test provides a significantly greater
accuracy.

4.2.  In-Home Testing Potential
An ideal paper-based whole blood prothrombin time (PT) test is unaffected by temperature and
haematocrit. Furthermore, it requires the patient to perform a minimum number of steps (for simplicity)
in point of care (PoC) self-testing.

Figure 45 shows that the test is impacted by warmer temperatures (above 30°C). Much of the developing
world without electricity lies on the Equator where temperatures commonly exceed 30°C. Therefore, in
these environments, the test may need a way to insulate it from heat.

Alternatively, the test can be calibrated at different temperatures. Since warfarin dosage requires keeping
the INR within a certain range (rather than to an exact value), calibration is not difficult. Once the
temperature is known, the reaction times to produce INRs of 2 and 3 (or any other value) can be easily
worked out — without the need of using mathematical equations.

In this study, we were limited to using quality control plasma anticoagulated in citrate. Therefore, we
required the use of reagents to initiate clotting. However, a test which does not require premixing with
reagents is ideal. This is because it would minimise the number of steps that the test requires.

When blood is collected from an individual, the breakage of vessels initiates clotting. This is due to the
exposure of endogenous tissue factor (TF) from tissues surrounding the ruptured blood vessels. This
means that unless the collected blood is treated with anticoagulants, it does not require any more
reagents to form a clot. Therefore, the test can be optimised by collecting whole blood via fingerprick and
allowing it to clot on its own — without extra reagents.
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The next step to make the diagnostic practical for in-home use should involve the testing of whole blood
collected by fingerprick. Any extra steps (such as pre-mixing) may induce user errors and needs to be
minimised.

5. Conclusion

We have developed the world’s first hand-held and equipment-free paper-based diagnostic suitable for
measuring prothrombin time (PT) from whole blood samples. The test can provide accurate results in
about a minute. The test works by premixing a blood sample and tissue factor (TF) solution in a PCR tube,
depositing it on a glass slide, reacting for a certain period and dropping a paper strip on top of the mixture.
A clot is clearly detected when wicking is perturbed through the strip. Hence, it can be used to detect if
blood samples are above or below key PTs or internal normalised ratios (INRs). Despite the test being
slightly affected by haematocrit (ie. red blood cell concentration), it can still easily distinguish between
INR values of 1, 1.5, 2 and 3 in whole blood. These are the values of biomedical importance. Hence, it can
be used to detect critical liver disease and monitor anticoagulant drug dosage. Furthermore, the test only
utilises 30 s of wicking — a time unaffected by the effects of evaporation. This means that the test can
work in a wide range of humidities. However, the test currently clots faster in warm temperatures (ie.
32°C) than it does at room temperature (ie. 23°C). Hence, a means of either insulating the test or
calibrating the results of the test is beneficial in warmer geographical settings with no temperature
regulation. The test can be used as a point of care (PoC) device in many different testing environments.
This includes limited resource settings that do not have the finances or infrastructure to utilise current
prothrombin time diagnostics. Therefore each year, it can ease the burden of performing over 200 million
PT tests and help save over 20 million lives.
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Supplementary Data

5.1.Paper Strip Cut-Out:

6 cm

Supplementary Figure 42: Cut-out of Paper Strips showing dimensions, markings and locations. The paper strip cut-out stencil was drawn
on CorelDRAW X6 and a 60 Watt Epilog Helix was used to laser cut the paper.

After laser cutting the paper with the stencil used in Supplementary Figure 42, paper strips were ripped
out individually with tweezers and experimented with.

The 0 mm marking refers to the location where the paper strip was dropped on top of the clotted droplet.
The 0 mm marking aligned with the edge of the clotted droplet covering it in whole.
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5.2.Creating Plasmas with INRs of 2 and 3:

There were no plasmas with internal normalization ratios (INRs) of 2 and 3 (the key INRs for anticoagulant
monitoring) directly available for this study. Therefore, they had to be made by mixing other plasmas to
the correct proportions.

The 3 plasmas readily available had of INRs 1 (healthy), 1.7 (slightly abnormal) and 5.2 (highly abnormal).
Their prothrombin times (PT) were 12.3 s, 19.6 s and 64.4 s respectively.

The INR is defined as such:

INR = (PTSample )ISI

PTHealthy

Where ISl is the activity of the TF reagent (In this study, ISI = 1.13).

To create INRs of 2 and 3, the prothrombin times needed to be calculated:

1.13 1.13
PT - PT -
2:( INR z) and3=( INR 3)
12.3 12.3

Hence,

PTINR=2 = 22.7 sec and PTINR=3 = 32.5 sec

Prothrombin time is assumed to be inversely related to the concentration of clotting factors (c) in the
blood:

1
PT « —

To calculate the proportions of slightly (x) and highly abnormal plasma (y) needed to create plasmas with
INRs of 2 and 3, the right concentration of clotting factors had to be achieved:

CINR=2 = Cslighly abnormalXINR=2 + Chighly abnormalYINR=2

CINR=3 = Cslightly abnormalXINR=3 + Chighly abnormalYINR=3

Asy=1-—x:
1 1
= XINp=2 T (1 — x;np=2)
PTINR=2 PTSlightlyAbnormal PTHighly Abnormal
1 1
XINR=3 T (1 — xnvr=3)

PTINR=3 PTSlightly Abnormal PTHighly Abnormal
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Hence, by substituting known values, proportions were calculated as such:

Desired INR of Plasma Proportion of Slightly Proportion of Highly Abnormal
Abnormal Plasma Required (x) Plasma Required (y)
2 0.81 0.19
3 0.43 0.57
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5.3.Effect of Haematocrit on Diagnostic:

The clotting time (PT) is dictated by the concentration of coagulation factors (c) in the deposited blood
droplet:

1
PT x

Cin droplet
The higher the concentration of clotting factors, the faster the measured clotting time.

Blood samples with lower haematocrit subsequentially contain more plasma. For example, a blood sample
with a 35% haematocrit contains 65% plasma. Likewise, a blood sample with a 50% haematocrit contains
50% plasma.

As a 35% haematocrit blood sample contains 30% more plasma than a 50% haematocrit sample, it also
contains 30% more coagulation factors.

After mixing and reacting with tissue factor (TF) solution:

1.3 X PTBS% Haematocrit — PTSO% Haematocrit

Hence, a 50% haematocrit sample is expected to clot 30% slower than a 35% haematocrit sample.
Supplementary Figure 43 illustrates this.

Paper Strip

Blood:Tissue Factor Mixture

50% Haematocrit droplet

35% Haematocrit droplet:
More plasma in mixture

Clots faster

Supplementary Figure 43: Simplified illustration of how lower haematocrits cause faster clotting times. More plasma gets mixed in tissue
factor solution thus causing a higher concentration of clotting factors to be present when the mixture is deposited on the diagnostic. This
causes the mixture to clot faster.
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5.4.Relationship Between the Clotting Time and Droplet Composition:

For simplicity, Supplementary Section 5.3 assumes that the concentration of coagulation factors in the
deposited blood droplet dictates clotting time. However, it does not consider that red blood cells (RBCs)
occupy their own volume in the droplet. As the coagulation factors cannot travel into the RBCs, the
clotting time (PT) is restricted to the concentration of coagulation factors (c) present in the aqueous phase
of the droplet:

1
PT x

Cin aqueous phase of droplet
The concentration is defined as:

mcoagulation factors in droplet

Cin aqueous phase of droplet — v i fa Lot
aqueous phase of drople

mcoagulatian factors in plasma + mcoagulatian factors in TF reagent

Cin aqueous phase of droplet —
VPlasma in droplet + VTF Reagent in droplet

As the TF reagent contains no known coagulation factors:

mcoagulation factors in plasma

Cin aqueous phase of droplet —
VPlasma in droplet + VTF Reagent in droplet

Since mcoagulation factors in plasma = VPlasma in droplet X Cpiasma

VPlasma indroplet X Cpiasma

Cin aqueous phase of droplet =
VPlasma indroplet + VTF Reagent in droplet

Relating this back to the clotting time:

VPlasma indroplet + VTF Reagent in droplet

PT «

VPlasma in droplet X Cplasma

PT 1 VTF Reagent in droplet

Cplasma VPlasma in droplet X Cpiasma

The plasma volume (Vpigsma in dropiet) is related to the whole blood volume (Vg4 in aropiet) and the
haematocrit (h) as such:

VPlasma in droplet = (1 - h)VBlood indroplet
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Hence:

PT o 1 n VTF Reagent in droplet

Cplasma (1 - h)VBlood in droplet X Cplasma

The mixing ratio of TF solution to whole blood (r) in the test can be simplified as such:

_ VTF Reagent in droplet

VBlood indroplet

PT x —~ 4 . (6)

Cplasma (1-h)cpiasma

From this equation, larger mixing ratios causes the effect of haematocrit to be enhanced.
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Conclusion

In this thesis, we have developed the fundamental understanding and a series of rapid, hand-held, cheap
and easy to use paper-based diagnostics that can measure blood fibrinogen concentration in emergency
bleeding. Although these tests require extra ergonomic design for clinicians, clinical trials and scaling up
of production before they can be of commercial use, they have huge implications.

Major haemorrhage causes over 2 million deaths per year. The clinical assays currently used to measure
blood fibrinogen concentrations are unreliable for major haemorrhage. This is because they require large,
table bound and expensive electrical instruments - in the setting and expertise of biomedical laboratories.
They cannot be taken to the site of haemorrhage to diagnose hypofibrinogenemia. Thus, haemorrhagic
patients must be transported to emergency centres with these diagnostics — causing significant time
delays until fibrinogen replacement therapy (FRT) is administered.

The use of paper has been recently implemented in diagnostics. This is due to its low cost and weight —
combined with its high performance and very reproducible results. This makes it ideal for point of care
(PoC) testing. Hence, this thesis explored several concepts for measuring fibrinogen concentrations with
paper and subsequentially developing them into diagnostics.

The first diagnostic developed is a vertical wicking test where plasma-wetted paper strips are inserted
into an aqueous dye bath and the fibrinogen concentration dictates the length the dye wicks up the strip.
The second diagnostic is a horizontal wicking test where plasma-wetted paper strips are oriented
horizontally, an aqueous dye is pipetted onto the strips and the fibrinogen concentration of the plasma
dictates the wicking length of the dye down the strip. The third diagnostic is another horizontal wicking
test where a droplet of whole blood is deposited on a solid surface, a paper strip is placed on top of it and
the fibrinogen concentration dictates the distance the blood wicks down.

The first two diagnostics can distinguish low (<2 g/L) from normal fibrinogen concentrations in minutes.
They work by reacting the plasma wetted paper strips with thrombin to form fibrin. The conversion of
plasma fibrinogen to fibrin significantly increases the hydrophobicity of the paper strip. Therefore, it
makes it much harder for the aqueous dye to move through. Hence, higher fibrinogen concentrations
cause the aqueous dye to wick to shorter distances.

The third diagnostic invented can work with whole blood. It can easily distinguish fibrinogen
concentrations below and above 1.6 g/L in minutes. It works by pre-mixing the blood droplet with a
thrombin solution to clot it. The higher the fibrinogen concentration, the more fibrin that is formed and
hence the lower the permeability of the droplet. Hence, when the paper strip is placed on top of the
droplet, the ability of the blood to wick down the strip is impeded. Because the test utilises pre-mixing, it
means that the ratio of blood:thrombin solution in the mixed droplet can be changed. A lower ratio
effectively means the blood is pre-diluted. When this occurs, the effect of interfering substances in the
blood can be minimised. This includes haematocrit and thrombin inhibitors.

Additionally, the third diagnostic was modified and adapted to measure prothrombin time (PT). PT relates
to the time required for a clot to form after blood clotting has been induced. It measures the activity of
enzymes involved in the extrinsic pathway of clotting. However, instead of using thrombin as the reagent,
it uses tissue factor (TF) instead (to initiate the extrinsic pathway). As the test can clearly tell when a clot
has formed, it can distinguish whether the blood droplet is above or below biomedically relevant PTs.
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Therefore, the test can perform a variety of services. This includes, informing whether a patient may need
a liver transplant or if a patient on anticoagulant medication needs to adjust their dose.

The implications of these diagnostics are huge. They can be used within hospitals or transported to sites
of major haemorrhage to directly diagnose hypofibrinogenemia. Hence, patients no longer need to be
transported to testing centres for diagnosis. This new generation of PoC tests brings the emergency room
to the site of trauma - where it is most needed. This can significantly reduce the time needed until FRT is
administered — thus optimising the chances of survival.

Furthermore, as these diagnostics utilise clotting, they can also be used to diagnose other clotting based
disorders - such as PT-related diseases. Hence, they can be re-purposed as PoC clotting diagnostics for
many different testing environments. This includes resource-limited settings that do not have the finances
or infrastructure to utilise current clotting diagnostics. Therefore, each year, it can ease the burden of
performing hundreds of millions of clotting tests and help save tens of millions of lives.
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