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ABSTRACT

Thrombosis is the pathological formation of a blood clot in the body that blocks blood
circulation, leading to high morbidity and mortality rates. Thrombolytic drugs that offer rapid clot
dissolution are promising treatments yet current drugs are often associated with limited efficacy
and high bleeding risks. While numerous animal thrombosis models have been developed for drug
screening, the translation of therapeutic agents into and through clinical trials remains limited. This
is largely due to animal models’ poor reproducibility and distinctive physiology to that of humans.
In-vitro flow models that utilize both human blood components and physiologically relevant flow
conditions can provide for a more representative testing environment to screen thrombolytic drugs.
Developing better in-vitro models may not eliminate the need for preclinical animal testing but
can help exclude inefficient agents earlier in the drug development pipeline to expedite the drug
evaluation process. Existing in-vitro thrombolysis flow models are not ideal as they either adopt
over-simplified clot substrates or utilize small-length-scale geometries that insufficiently mimic
native hemodynamics. Thus, we propose to first develop a static fluorescently labeled clot lysis
assay for an initial high throughput screening of thrombolytic drugs, and ultimately engineer a
highly reproducible, physiological scale, flowing clot lysis model for more human relevant drug
efficacy evaluation. Developing the static clot lysis assay not only helps to understand the
mechanism of how diversified clotting conditions affect clot properties but also offer a chance to
well-characterize fluorescence conjugations to fibrins. The ultimate flow model combines an in-
vivo-like fluorescence incorporated synthetic clot (FISC) and a human-relevant flow system.
Guided by results from static clotting experiments diversified FISCs are fluorescently optimized
and fabricated dynamically using a Chandler loop setup at various conditions. The flow system is
a tubing-based structure that comprises of a peristaltic pump, and a well-controlled flow chamber
to provide for physiological shear and pulsatile levels. Therefore, the proposed synthetic clot
model is a versatile platform that can mimic a variety of thrombosis conditions and offer

representative drug testing and dosing results across numerous thrombolytic agents.
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1. INTRODUCTION

The dysregulation of a healthy hemostasis response can result in pathologic thrombosis
leading to tissue death and major organ failure. Thrombolytic drugs that offer rapid clot dissolution
are a promising therapy for treating thrombosis; however, current thrombolytic drugs are
associated with limited efficacy and high bleeding risks. Testing novel thrombolytic agents is
necessary and requires the use of representative drug screening models. Although numerous
thrombolysis models have been developed for thrombolytic drug evaluation, translation of drugs
into and through clinical trials has not been improved. Animal models are extensively used but
they are limited by poor reproducibility and distinctive physiology to humans. Clot lysis assays
can utilize human blood components, but they often lack the capacity to examine the impact of
shear on thrombolysis due to their often-static setup. In-vitro thrombolysis flow models can offer
more representative drug efficacy results because these devices can adopt human blood
components together with mimicked human-relevant flow conditions. Developing better in-vitro
models may not eliminate preclinical drug testing using animals, but early testing on more human-
relevant model systems can help exclude inefficient thrombolytic agents to expedite the drug
evaluation process and focus on lead compounds with higher probability of clinical translation.
Parallel chamber and microfluidic assays are well-characterized in-vitro flow models that have
been extensively utilized to model thrombosis formation. While they can be easily adapted to
evaluate thrombolytic agents, these devices usually have small length scales that may not fully
mimic native hemodynamics. Other in-vitro flow models are often over-simplified and poorly
documented. To date, a highly reproducible, physiological scale, flowing clot lysis model has yet
to be developed. Thus, there is a need for developing a physiologically relevant in-vitro model to
offer representative blood flow conditions for thrombolytic drug evaluation. This dissertation
proposes to engineer a thrombolytic drug evaluation model by combining an in vivo-like
fluorescence incorporated synthetic clot (FISC) and a human-relevant flow system. The model
described herein was extensively characterized and optimized through completion of the following
aims:

Aim 1: Fabricate and characterize physiologically relevant fibrin-based fluorescence
incorporated synthetic clots. Fluorescein isothiocyanate (FITC) conjugated fibrinogen were

synthesized and used to form fluorescently labeled fibrin clots. FITC labeling levels were
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modulated to preserve native fibrin structure through a developed characterization system by
leveraging clot turbidity assay and thromboelastography (TEG). FISC were formed by expanding
the optimized FITC labeled fibrin clot to include other blood components under physiological
shear conditions using a Chandler loop apparatus. Clot micro-structures were further examined
under scanning electron microscope (SEM) to confirm clot physiological relevance.

Aim 2: Develop and optimize an easily multiplexed fluorescence incorporated clot lysis
assay to monitor sample fibrinolytic activity. A unique annular clot geometry was developed and
optimized to provide for a non-disrupted real-time clot lysis monitoring platform using a
spectrometer. Fluorescence labeling homogeneity of FITC-fibrin clots was evaluated to ensure
accurate clot lysis tracking is achieved through consistent fluorescence release. Different levels of
plasmin, tissue plasminogen activator (tPA), and other fibrinolytic factors were tested in the assay
to evaluate its capability to differentiate fibrinolytic potential under diverse conditions. Results
further guided fluorescence labeling in FISC and optimized the design to achieve an ideal analytic
sensitivity together with its physiologically relevant clot properties.

Aim 3: Engineer an in-vivo like FISC thrombolytic model that mimics human-relevant flow
conditions at a physiologically relevant scale. The flow model consists of a peristaltic pump and a
well-controlled and macroscopic tubing loop. This setup can either offer a steady flow to evaluate
drug profile under continuous shear with a help of a dampener, or adapt the oscillating flow
generated by the peristaltic pump to mimic native pulsatile flow dynamics. Optimized arterial or
venous FISC obtained through Aim 1 is placed inside the flow segment. Thrombolytic drugs were
added to flowing plasma perfused in the model to digest the FISC. Fluorescence release was
monitored to assess drug-induced thrombolysis efficacy.

The static annular fluorescently labeled clot lysis assay offers a high-throughput capacity.
It can be multiplexed into a 96-well or 384-well format for initial thrombolytic drug efficacy
screenings. This assay can also be adapted to assess patient plasma clinically for fibrinolytic
potential in the presence or absence of therapeutic agents for personalized medicine applications.
The FISC thrombolytic flow model can offer a representative drug therapeutic target and human-
relevant hemodynamic conditions to study a thrombolytic drug’s efficacy profile, guide the
development of new drugs, and help determine therapeutic dosing. The flow setup can also be
modified to assess the feasibility of novel thrombolytic drug delivery methods and study
ultrasound-aided thrombolytic therapy. By perfusing hypercoagulable blood samples with the
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addition of antithrombotic drugs, the model can further examine antithrombotic drug efficacy for
preventing thrombosis formation. In all, the developed model system can provide for human-
relevant drug testing results without relying on an animal model. This can both expedite the
thrombolytic pre-clinical drug evaluation process and improve drug translation into and through

clinical trials.
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2. BACKGROUND

Thrombosis is a blood clot that reduces or completely obstructs blood flow leading to tissue
death, major organ failure, and in some instances, death. It can be categorized into arterial and
venous thrombosis based on the clot location. Arterial thrombosis, often developed through the
rupture of a fatty plaque, can induce ST (a segment in an electrocardiogram) elevated myocardial
infarction (STEMI) and ischemic stroke. STEMI accounts for 30% of all myocardial infarction
(MI) cases while 87% of stroke cases are found to be ischemic stroke worldwide.[1, 2] The annual
incidence rates are estimated to be 2 and 3 cases per 1000 people with recurrence rates of 15% at
two years for STEMI and 6.9 % at three years for ischemic stroke, respectively. Venous
thromboembolism (VTE), comprising deep vein thrombosis (DVT) and pulmonary embolism (PE),
are the most common forms of venous thrombosis. Recent studies estimate the annual incidence
of VTE to be 1-2 cases per 1000 people. In VTE cases, 5 - 7% of patients develop recurrent

thrombosis within six months after the onset of their first thrombosis event. Thrombosis results in

high mortality with ~11% of VTE patients > 45-years old die within 28 days. Additionally, the

one-year fatality rate of MI is 24% and the 30-day fatality rate of ischemic stroke is 15%.[3, 4]
Treatments for thrombosis include surgical thrombectomy, antithrombotic drugs and
thrombolytic therapy. Drugs are generally preferred over surgeries because they are more easily
accessible, cost-effective, and less invasive. Antithrombotic drugs are often adopted for the
prophylaxis of recurrent thrombosis. Conventional vitamin K antagonists, antiplatelet and
anticoagulant agents are commonly prescribed to patients as they can reduce their blood clotting
tendency and prevent recurrent thrombosis events. For example, aspirin can reduce recurrent
stroke risk by 13 - 22% and direct oral anticoagulants (DOACs) are highly effective at preventing
recurrent VTE.[5-7] Thrombolytic therapy refers to the intravenous administration of clot-buster
agents such as streptokinase, urokinase, and tissue plasminogen activator (tPA). These drugs can
offer a rapid clot dissolution following agent-triggered fibrinolysis which enables a fast relief for
life-threatening thrombosis events. In acute ischemic stroke studies, intravenous tPA improved
clinical outcomes at three months.[8] In acute STEMI patients, thrombolytic therapy is used for
reperfusion when percutaneous coronary intervention is not available.[9, 10] The rapid restoration

of vessel patency also contributes to a reduction of post thrombotic syndromes in VTE patients.
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87% of acute massive PE patients have achieved stabilized hemodynamics, improved resolution
of hypoxia and increased survival to hospital discharge following catheter directed thrombolytic
treatment.[11, 12] The global thrombolytic drug market continues to grow at a rapid pace due to
increase in incidence rate of thrombosis and demand for technologically advanced products.
Despite several generations of thrombolytic drugs having been developed, hemorrhage remains to
be the major complication.[8, 13, 14] A thrombolytic agent that has better clot-specificity and
enhanced resistance to endogenous inhibitors can improve thrombosis treatment and patient
quality and duration of life.[15]

A representative drug evaluation model is critical for the development of novel
thrombolytic drugs. Current evaluation of thrombolytic agents has relied on animal thrombosis
models.[16, 17] Since susceptibility to clot lysis under interventions varies significantly due to
different clot properties and thrombosis locations, several animal thrombosis models have been
developed, for example, the Folts canine model, the Wessler rabbit model, and the AV-shunt
rodent model.[18-20] Animals are useful to study in vivo drug safety, biological effect and
comparative pharmacology. They are also commonly required by drug authorities, such as the
FDA, prior to initiating clinical trials. However, even non-human primates, the best human analog,
do not predict a reliable drug efficacy profile in humans due to their distinct physiology. To
circumvent this problem, clot lysis assays using human blood components have been developed to
examine drug efficacy. These assays are more reproducible and offer more human-relevant drug
efficacy profiles than animal models, but often lack hemodynamic effects in their setup which
reduces their clinical relevance.[21-23]

By introducing shear flow to clot lysis, in-vitro flow models are capable of mimicking
various thrombosis conditions and provide for more representative drug evaluation environments.
Despite the potential to exhibit high clinical relevance, very few in-vitro flow models have been
designed for evaluating thrombolytic agents. A parallel flow chamber or microfluidic device
belongs to a category of flow models that have been well studied. A chamber typically consists of
an upper cover slide and a customized plate. The cover slide is commonly coated with collagen
and tissue factors or other thrombogenic substances to facilitate platelet binding and promote
thrombus formation.[24, 25] These chambers have been extensively employed for the study of
thrombosis pathogenesis and evaluations of antiplatelet and anticoagulant drugs but rarely of novel

thrombolytic drugs.[26-29] Only recently, a group has modified the chamber to evaluate
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thrombolytic agents whereas the design has several drawbacks.[30] Small length scales and highly
ordered flow patterns make flow dynamics in these devices less comparable to those in vivo. Other
flow models found in the literature are usually over-simplified and require a comprehensive
characterization.[31] A number of tubing-based models have been developed to examine
ultrasound-aided thrombolytic therapy. While they can be used to generally explore the effects of
hemodynamics, results may not be accurate to guide clinical thrombolytic therapy as neither clot
substrates nor flow conditions utilized in these models exhibit significant physiological relevance.
An ideal thrombolytic drug evaluation model should combine the knowledge of native
thrombolytic mechanisms, hemodynamic effects, and incorporate a comprehensively
characterized, physiologically relevant clot substrate. The setup should also allow for real-time

clot lysis tracking via a mechanism that does not affect the fibrinolytic dynamics.

2.1 Thrombus Formation and Dissolution

Hemostasis is a healthy response to blood vessel injury. The dysregulation of this response
can result in a pathologic thrombosis. The process begins with vessel constriction followed by
recruiting platelets to form a plug. Coagulation factors are subsequently activated in the blood
coagulation cascade through two pathways, namely the contact pathway and the tissue factor
pathway. The contact pathway is activated by negatively charged substances while in the other
pathway, tissue factors are secreted from the surrounding cells at the site to initiate a much faster
series of protease activations. Both pathways converge upon a common route leading to the
generation of thrombin. Fibrin monomers result after the proteolytic release of fibrinopeptides A
and B when thrombin cleaves fibrinogen (340 kDa). The monomeric fibrin self-assembles into
protofibrils which aggregate laterally and longitudinally to form fibers that branch to yield a three-
dimensional insoluble fibrin mesh. The fibrin is eventually stabilized through covalent
crosslinking at lysine residues of adjacent y- and a-chains by the transglutaminase, factor XIIla in
the presence of calcium (Figure 2.1).[32] The fibrin mesh reinforces the platelet plug and entraps
red blood cells (RBC), leukocytes and even more activated platelets to form an end product called
a “clot”, or thrombus, that can effectively stop bleeding. Upon healing, the clot dissolves through
a process known as fibrinolysis. The process begins with the conversion of plasminogen into
plasmin (83 kDa) when they are bound to C-terminal lysine residues on fibrin. The activated

protease breaks down the mesh leading to a complete clot dissolution. Tissue plasminogen
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activator (tPA) and urokinase are two individual endogenous plasminogen activators with the
former binding to fibrin C-terminal lysine residues. In addition, the fibrinolytic system is carefully
regulated by inhibitors including type 1 plasminogen activator inhibitor (PAI-1) for tPA and
urokinase, alpha 2-antiplasmin and alpha 2-macroglobulin for plasmin. Sustained generation of
thrombin after injury also activates thrombin activated fibrinolysis inhibitor (TAFI), which

removes tPA and plasmin fibrin binding sites to stabilize clot against fibrinolysis.
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Figure 2.1. Coagulation cascade and fibrinolysis

2.2 Thrombus Stability and Hemodynamics

Understanding clot stability, or the susceptibility to lysis, is critical to design a clinically
relevant model to screen drugs or provide dosing information to treat patient-specific thrombosis

conditions. The clot stability depends on interactions of biology and hydrodynamics during clot
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formation.[33, 34] The fibrin, as the primary protein structure in a thrombus, offers mechanical
and biological supports to other blood components and together contributes significantly to the
clot stability. Based on a recent clot morphology study, venous thrombus comprises fibrin content
at 36% while arterial thrombus at 51%.[35] Fibrin clots composed of thick and loose fibers are
known to have higher permeability leading to accelerated fibrinolysis.[36] Tight and rigid fibrin
formation are more common in MI patients which has explained why a MI thrombus has higher
thrombolytic resistance.[37] Platelets and RBCs are also important components in a thrombus that
affect clot stability. Platelet cytoskeletal contraction results in stiffened clot structure while the
RBC can reduce clot permeability by surface drag and volume occupancy.[38, 39] The
physiological wall shear rate in the human body ranges from 10 s*!' in veins to 2500 s™' in small
arteries to 40,000 s™! in large arteries. This large variation in shear flow affects fibrin formation,
platelet aggregation and RBC incorporation leading to the formation of diversified clot
structure.[40] The high wall shear rates in the artery increase platelet deposition and decrease RBC
accumulation resulting in the appearance of a white thrombus. The arterial clot shows a platelet-
rich head and a RBC-rich tail confirming the impact of shear flow on clot growth.[41, 42] In
contrast, venous thrombus is usually large with a length from several centimeters up to 25 cm long.
These clots are predisposed to have more RBC deposition due to the low shear rates found in veins.
Despite both venous and arterial having a fair amount of fibrin content, the fibrin structure also
differs in these thrombi due to distinct shear rates and the interactions with varying levels of other
factors and blood components during formation.[43] In addition, the structure of thrombus evolves
over time which creates an even bigger variation in clot properties and stability. The coronary
artery thrombi obtained from STEMI patients have shown double the fibrin content and halved
platelet content per additional ischemic hour within the testing period.[44] Venous thrombi have
also shown a time-dependent clot hardening.[45]

Hemodynamics not only affects clot formation but also has an important role in native
thrombolysis. In MI patients with hypotension, the success rate of thrombolytic treatment is
generally lower.[46] Since thrombolytic agents aim at digesting fibrin in the thrombus, the
efficiency of agents permeating into the fibrin clot directly affects the performance of a
thrombolytic therapy. Clot permeation is a transport phenomenon that is determined by both clot
permeability and the trans-thrombus pressure drop. The pressure drop can be derived by the innate

blood shear rates and the severity of stenosis. For example: a 1 cm arterial thrombus can have a
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trans-thrombus pressure drop ranging from 40 to 80 mm Hg/cm while a 25 cm long DVT clot has
a pressure drop as low as less than <1 mm Hg/cm.[47] Thus, a thrombolytic therapy is clinically
contraindicated for DVT patients due to a poor agent permeation. The wall shear rates also affect
the levels of circulating proteins that are present at the lysis front. It was found that increasing wall
shear rate at a fibrin surface from 25 to 500 s causes a 2.8 fold increase in the amount of
plasmin.[48] In addition, a turbulent flow could further complicate the interaction of fibrinolytic
factors to clot. These situations make the clot lysis highly unpredictable and difficult to be
simulated using mathematical models.[49] Moreover, the turbulent flow effect on the thrombus
formation have been studied while its effect on thrombolysis requires a more thorough
examination.[50-52] Additionally, the pulsatility generated by human heart contributes to more
complex flow patterns than what were commonly studied in continuous shear in-vitro models.
Understanding the effect of pulsatile flow on thrombolytic drug efficacy is also crtical for depicting

a complete picture of drug therapeutic profile in humans.

2.3 Animal Thrombosis Models

Animal thrombosis models have played a crucial role in novel antithrombotic and
thrombolytic drug discovery and evaluation. Animal models not only partially mimic human
hemodynamics and pathological conditions during thrombus generation and dissolution but they
are also useful for toxicity and indication-specific pharmacology studies.[53] Animals are primary
source to evaluate bleeding risks, which is the most common side effects associated with all
existing antithrombotic drugs. Recent advances in genetic knock-out animals makes it possible for
phenotype studies that would benefit novel antithrombotic drug designs.[54] The selection of
suitable animal thrombosis models is critical to achieve different therapeutic evaluation goals
given the variety of model specificities and drug therapeutic targets. Throughout the literature,
numerous animal models have been developed.[16, 17, 53] Methods used to induce thrombogenic
conditions in animals essentially follow the well-known Virchow’s triad that comprises local stasis,
blood vessel injury, and hypercoagulable state. Diversified animal species have been adopted
including small animals like rodents and rabbits, and large animals like pigs, dogs, and non-human
primates. In the following context, three popular animal models will be discussed: the Folts model,

the Wessler model, and the Arteriovenous (AV) shunt model.
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The Folts model was first introduced in 1976 by Folts and colleagues.[18] It describes an
arterial thrombosis setup in a stenosed coronary artery of an open-chest, anesthetized dog. Pigs,
monkeys, and baboons were also viable options appeared in Folts model variations. Coronary
artery thrombus is induced by a combination of focal stenosis via a plastic constrictor and intimal
injury via a hemostatic clamp or low amperage electrical current.[17, 55] In every 2-3 minutes, the
thrombus is shaken loose to restore blood flow. Cyclic flow reduction (CFR) is measured by
electromagnetic probe looking at the percentage change of blood vessel occlusion in this periodic
event. Magnitude and frequency of CFR are monitored and compared to study drug interventions.
The formation of the platelet-rich arterial thrombus makes the Folts a good pre-clinical platform
for antiplatelet drug evaluation. Aspirin is the first antiplatelet agents to be tested which entirely
abolished CFRs in the dog Folts model.[ 18] Novel antiplatelet agents such as GP IIb/Illa receptor
antagonists and ADP receptor antagonists have also been extensively tested in this model.[56-59]
Anticoagulants have also been evaluated in Folts with heparin showing only a weak effect while
low molecular weight heparin showing abolished CFRs.[18, 53, 60] Overall, the Folts model stand
out among all in vivo arterial thrombosis models for the several reasons: First, with a controllable
severity of stenosis, the Folts model could reproduce similar pathological thrombosis conditions
in different recipients. Second, due to the benefits of repetitive thrombus formation, Folts models
are also eligible to study dose-responses of an agent and synergistic effects of combined
therapy.[57, 61, 62] Third, as the Folts model was initially proposed to mimic the acute arterial
thrombosis conditions in stenosed coronary arteries, it could guide in clinical treatments of
coronary thromboembolic disorders. In fact, a handful of drugs pre-tested in the Folts model have
revealed comparable effects in patients, such as the enoxaparin, abciximab, and tirofiban.[63-65]

One drawback of the Folts model is the strong resistances to thrombolytic agents which is
still yet to be understood.[66, 67] Besides, the lack of a standard on the severity of stenosis and a
poor documentation of experimental procedures deferred cross-study comparisons which made it
difficult to draw meaningful conclusions.[60] Finally, like all animal thrombosis models,
conclusions drawn from the Folts model are considered to be over-optimistic. A recent statistical
study published that with drug validated in animal models, about one-third were translated into
clinical trials, and only 10% could finally become available to patients.[68]

The Wessler model is a classic venous thrombosis animal model. It was introduced to study

the pathogenesis of thromboembolism by Wessler and his group in the 1950s.[19] Venous
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thrombosis is induced in the jugular vein of an anesthetized rabbit by a complete stasis and an
influx of foreign species blood serum. Model variants involve the use of other animal species, such
as rats and mouse, or the application of other thrombogenic substances like thrombin or
thromboplastin to establish hypercoagulable state.[69] Due to the formation of a stable fibrin-rich
venous thrombus, the Wessler model is capable of evaluating drugs for both thrombolytic and
antithrombotic potency. Various endpoint measurements were adopted to quantify the effects of
therapeutic interventions among which measuring a change in thrombus mass is the most common
practice. Some studies have utilized a radioactively labeled clot which facilitates a dynamically
trace of in vivo clot dissolution.[70, 71] This model has tested numerous antithrombotic and
thrombolytic drugs, such as LMWH, heparin, rt-PA, FXa inhibitors, and thrombin inhibitors.[72-
77] Advanced drug delivery methods were also tested in the Wessler model, for example, a clot
lysis study by a delivery of urokinase coated nanoparticle.[78]

The Wessler model was often preferred over other venous thrombosis model types because
a complete stasis in the jugular vein is more reliable and easier to achieve compared to other blood
vessels or induction methods like vessel injury or partial stasis during practice.[16] Limitations of
the Wessler model are also prominent. First, due to a complete isolation of the jugular vein,
thrombus is formed at a static condition, and thus, the effect of hemodynamic changes that
contribute significantly to thrombus structure is missing in this model. Some researchers have
reported an upgraded model via the use of a thread to induce thrombosis in the flowing
bloodstream.[79, 80] While the presence of a foreign substance like the thread could still affect
both drug-clot interaction and clot orientation leading to a less representative drug evaluation
results. Second, the lack of vascular damage during induction could result in a poor platelet
recruitment to the formed thrombi which largely affects thrombolytic drug efficacy. Platelets not
only aggregate to increase clot rigidity like what are mostly seen in arterial thrombi but also release
thrombolytic factor inhibitors like PAI-1 to increase thrombolytic resistance.[42]

Although large animals are better analogs to humans, small sized rodents are usually picked
for early-stage drug evaluations because of easy management and the need of minimized
therapeutic screening quantities. Arteriovenous (AV) shunt rat model is a frequently used small
animal model for novel antithrombotic agents.[81] A plastic shunt is placed in between the
cannulated jugular vein and carotid artery of an anesthetized rat. A cotton thread is used to induce

thrombosis in line with the shunt after blood reperfusion. Formed thrombus are rich in RBCs,
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platelets, and fibrin which make the model capable of evaluating the antithrombotic effects of both
anticoagulant drugs like FXa inhibitors, and antiplatelet drugs like PAR1 antagonist and ADP
receptor antagonist.[58, 75, 82] The thread with thrombus is sequentially weighed, and change of
thrombus mass is monitored to indicate the antithrombotic efficacy and dose-response
performance of drug interventions. The AV shunt model has also been modified to utilize large
animals to achieve better physiological relevance. Non-human primates, for example baboons,
were utilized to evaluate anticoagulant recombinant tick peptide and FXa inhibitors.[83, 84] Since
the extracorporeal shunt could be made from different materials, the AV shunt thrombosis model
were also used to study the thrombogenic properties of cardiovascular prosthesis materials.[85, 86]

Animal thrombosis models are useful to indicate drug efficacy while drug bleeding risk is
still unpredictable in humans. Researchers have turned to employ animals to evaluate drug
bleeding tendency. Multiple animal bleeding models are found in literature, which include rabbit
cuticle, rat tail, rabbit ear, and dog tongue models where bleeding time is used as the variable for
bleeding risk assessment.[77, 80, 87, 88] Bleeding time estimates primary hemostasis capacity of
animal blood in the presence of a drug intervention. Since almost all antithrombotic drugs reveal
prolonged bleeding times, a dosage regimen with a shorter bleeding time and a competitive
antithrombotic efficacy is commonly the goal for pharmacist and researchers. In fact, animal
bleeding time models have already played an pivotal role in current pre-clinical drug evaluation

process.[77]

2.4 Diagnostic Assays

Although animal models are well established for drug evaluation, their built-in endpoint
measurement either poorly estimate drug effects or fails to provide complete therapeutic profiles,
for example, CFR in the Folts model gives an indirect measurement of antithrombotic effects;
Thrombus mass measured at the end of the test cannot give real-time drug activity or pharmacology.
More importantly, animal physiology distinct from humans. Thus, many drug evaluation studies
have adopted additional assays running with human blood samples to offer complementary
efficacy results. Immunoassays and chromogenic assays are beneficial for determining levels and
chemical kinetics of active coagulation and thrombolytic proteases, but they are limited in
assessing their biological functions. In-vitro assays that are designed for clinical thrombosis

diagnosis are better options for antithrombotic and thrombolytic drug evaluation because they
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allow for the study of drug effects in a more human-relevant way. Examples of these assays are
prothrombin time (PT), activated partial thromboplastin time (aPTT), Thromboelastography
(TEG), euglobulin clot lysis test (ECLT), and Light transmission aggregometry (LTA).

The PT assay evaluates the extrinsic pathway of the coagulation cascade. It measures the
time for exogenous tissue factor to induce patient plasma clotting. The extrinsic pathway is a
combination of upstream coagulation factors like fibrinogen, prothrombin, FV, FVII, FX and
vitamin K. And thus, PT can provide a systemic evaluation of drugs that inhibit these coagulation
factors. aPTT, another coagulation assay, monitors the performance of the intrinsic pathway and
is usually used in conjunction with PT. In drug evaluation studies, novel antithrombotic agents are
usually compared with conventional drugs on PT and aPTT to demonstrate potency. Usually, a
prolonged PT or aPTT of a drug represents a good antithrombotic potency. [75, 77, 80, 89]

TEG 1is a viscoelastic method that provides a comprehensive measurement of blood
coagulation and clot lysis. It has played an important role in identifying blood disorders in various
clinical settings. Upon a TEG assay, a thromboelastograph is generated to document a real time
change of mechanical strength of the clotting sample. Reaction time, maximum amplitude, lysis at
60 minutes, and other TEG built-in variables are derived by the software. The TEG instrument can
perform different assay types. For example, a standard TEG assay examines a kaolin blended
whole blood sample. Resulting variables are compared with clinical normal ranges to assess the
performance of patient hemostasis or determine a deficiency of a specific factor.[90] Platelet
mapping assay is a different assay type that measures the inhibition of platelet function through
arachidonic acid (AA) or ADP pathways. This assay monitors the effect of antiplatelet in the
presence of potent aggregation stimuli like AA or ADP.[91] Compared with other common blood
coagulation assays, TEG is more sensitive in detecting blood coagulation anomalies.[92]
Therapeutics that has been evaluated by TEG include synthetic thrombin inhibitors, GP IIb/IIla
antagonist, and P2Y 12 receptor inhibitor.[93-95]

The ECLT assay is a variant of plasma clot lysis assay that has a long history in assessing
drug fibrinolytic activity in plasma.[96] Current ECLT and plasma clot lysis assay protocol
involves an utilization of a spectrometer to monitor turbidity changes of blood samples over time.
The ECLT assay requires to separate an euglobulin fraction from platelet-poor plasma and initiates
clotting via the addition of thrombin. It is designed to estimate the activity of endogenous

plasminogen activator despite that plasminogen, PAI-1, TAFI, and fibrinogen that potentially

28



affects ECLT are all present in the fraction.[97] Many studies have tested recombinant
plasminogen activators using ECLT.[98, 99] A whole blood clot lysis assay differs from a plasma
clot lysis assay or the ECLT assay. Investigators either add exogenous thrombolytic agents into a
pre-formed whole blood clot or mix both clot initiation and thrombolytic agents in whole blood to
achieve a non-stop coagulation-fibrinolysis. [87, 100]

Light transmission aggregometry (LTA), also known as the Born method, is the clinical
standard for testing blood platelet function.[101] An increase in light transmission is measured
when the antagonist aggregates platelets. This assay is typically useful in antiplatelet drug
evaluation. Studies have been found to assess the antiplatelet activity of novel compounds using
LTA.[102-104]

In summary, diagnostic assays are convenient to depict a picture of human-relevant drug
effects as they mimic in-vivo processes to give indications of drug functions, for example, the clot
formation process in testing anticoagulants, the platelet aggregation process in testing antiplatelets,
and the fibrinolytic process in testing thrombolytics. Results are however biased due to process
simplicity and limitations in physiological relevance. Two aspects of limitations are the lack of
hemodynamic changes and the lack of comprehensive interplays of all blood components in the

testing sample.[105]

2.5 in-vitro Thrombosis Models

Animal thrombosis models are not perfect albeit useful for evaluating drugs and assessing
drug-associated bleeding risks. Poor model reproducibility, distinct physiology and
pharmacokinetics are drawbacks that could lead to predisposed understanding and inaccurate
indication of drug effects in humans. The use of preparatory agents like anesthetics also largely
influence animal test results making drugs difficult for clinical translations.[106] On the other hand,
if ineffective drugs were excluded earlier in the drug discovery pipeline, the entire process could
be more efficient with less animal research burdens.

Compared to diagnostic assays, in-vitro thrombosis models are flow models that can offer
human-relevant therapeutic information because of their biomimetic features including the use of
human blood and the introduction of hemodynamic changes during clot formation. In-vitro
thrombosis and thrombolysis models are often overlooked in the past as the research focus lies on

animal experiments. Even fewer models have been developed or well-characterized for
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thrombolytic drug evaluation purposes. Some in-vitro thrombosis models are found in the literature
to mainly evaluate antiplatelet drugs since platelet has long been discovered as the most responsive
clot components to native flow shear changes. These models usually employ small length scales,
for instance, flow chamber-based models, shear-flow cytometry models, and dynamic shear
platelet aggregation models. They have also been used to study the impact of flow shear on drug
efficacy during the formation of a human platelet-rich thrombus. Other flow flow thrombosis
model are loop based. The mostly known is the Chandler Loop model which has been used for
drug evaluation since last century. In the following sections, flow chamber-based model and the

Chandler loop model will be thoroughly discussed.

2.5.1 Flow Chamber-based Model

Flow chamber-based assays and more recent microfluidic assays have attracted a lot of
attentions over the decades. Parallel plate flow chamber, biochips with microchannels and
rectangular microcapillaries are three fluidic assays that have already been used for studying
thrombosis pathogenesis and testing hemostatic functions of platelet during a thrombus formation.
Since most thrombosis-related flow chamber assays have similar designs and limitations, I will
discuss them as one technique in this section. Flow chambers are often seen to be surface-coated
with collagen, tissue factors, and/or other thrombogenic substances.[24] As blood flows through
the coatings, collagen and tissue factor facilitate platelet binding and thrombus formation,
respectively.[25] Researchers pre-label platelets with fluorescent reporters to facilitate a real-time
monitoring during the perfusion of buffer, plasma or blood. In some designs, one could
continuously record the ongoing platelet deposition via a fluorescence microscopy or an intensity
reading to study platelet accumulation, platelet disaggregation, and flow-dependent thrombus
deposition. Additionally, coagulation factors such as fibrinogen, FXa and prothrombin have also
been previously stained and evaluated in these setups.[107-109] Another benefit of flow chambers
is that they can be adapted into bifurcated or multi-channel designs. Rheological variables like
viscosity, flow rate and pressure drop can be easily controlled to study drug diffusion and
permeation.[110, 111] These models have also been used to help solve physiological problems,
for example, to indicate what variables make blood bypass the thrombus occlusion to another open

channel or strive to develop a new flow pattern near the thrombus.[112, 113]
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Flow chamber models are assuredly eligible for evaluating drug efficacy. Altered platelet
activity have been monitored in the presence of antiplatelet drugs. Among which aspirin and
clopidogrel showed comparable results in these chambers to those experimented in-vivo.[27, 28,
114] Anticoagulants such as FXa inhibitors and direct thrombin inhibitors have also shown
capacity of disaggregating platelets and fibrin in these models.[115-117] However, very few
publications are found for testing thrombolytic agents using flow chambers to date.[30] It could
attribute to that the surface coated collagen causes the formation of platelet-rich clots, which
express high resistances to thrombolytic agents.[118] With that said, current flow chamber-based
assays are good in-vitro models to study arterial thrombosis but limited in venous thrombosis
studies where platelet function is less prominent. Nonetheless, small length scales and highly
ordered flow patterns make flow chambers especially microfluidic setups less appealing to mimic

native flow conditions as in-vivo hemodynamics can be turbulent and much more diversified.

2.5.2 Chandler Loop Model

The Chandler loop is a technique designed to assess whole blood clotting in a flowing
system.[119] Studies have shown that the morphology and components of the thrombi formed in
the Chandler loop are similar to those formed in human bodies.[42, 120, 121] The apparatus has
also been extensively used to test thrombogenicity or hemocompatibility of prosthetic materials
and two examples of these applications are heparin coated polyethylene for stents and silver
nanoparticles coating for medical devices (Figure 2.2).[122, 123] A common setup of a Chandler
loop apparatus is assembled by attaching an axle through the center of an end-joined tubing loop
partially filled with blood. With rotating the axle, the resulting shear stress drives blood naturally
flowing against the spinning direction in the tubing. In most studies, clotting time and thrombus
mass are primarily evaluated. Comparable clotting times and clot appearances via utilizing
different initiation methods such as tissue factor, recalcification or non-coagulated blood in the
loop. [124] The formed clot is always floating below the forward meniscus. Chandler loop has
previously been used for antithrombotic and thrombolytic drug evaluation. In a study by Mutch et
al., fluorescence-labeled human whole blood clots are pre-formed in the Chandler loop.[125]
Thrombolytic agents like rt-PA are added into the preformed clots in the tubing loop to evaluate

thrombolytic potency. As rt-PA activates plasmin in blood to triggers fibrinolysis, fluorescence is
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released from the clot into the flowing serum. Fluorescence intensity of collected samples are

measured by a spectrometer periodically to indicate the status of fibrinolysis and clot digestion.

Control Board
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Figure 2.2. The Chandler Loop, human blood is perfused in an end-joined loop, which is fixed
on a plate. The shaft through the center of the plate can be spun to a desired speed to mimic the
in vivo hemodynamic changes.

In summary, Chandler loop is a simple apparatus that has many benefits as a thrombosis
drug evaluation model. First, it can potentially fabricate different types of representative human
thrombi analogs by varying clot forming conditions. Second, it can be used to study shear-
dependent drug induced clot dissolution. As a relatively new use of the model, there exists a need
to demonstrate model effectiveness through more experiments and model characterization using
clinical samples. since the presence of pulsatile flow in vivo, the introduction of pulsatility to lysis
in the Chandler loop can make it more representative. If a fluorescently labeled clot were to be
used, the molecules introduced in the clot should not interfere with the formation of the thrombus
as was reported by other studies.[126, 127] In all, the Chandler loop model demands thorough
investigations to demonstrate its usefulness. A characterization of clot properties forming should

be the priority step for further research.

2.6 Conclusion

Thrombosis is a leading cause of death worldwide. To date, no existing models can provide
complete efficacy profiles of thrombolytic drugs and help drug translations into clinical trials.

During the pre-clinical drug evaluation process, novel thrombolytic agents are tested in both
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diagnostic assays and animal models to offer therapeutic information. Diagnostic assays are
convenient for functional testing while animal thrombosis models are ideal for systemic drug
evaluation regarding their pathophysiological relevance. Nonetheless, results from diagnostic
assays are sometimes biased and drawbacks in animal models are still prominent. These facts can
easily end up in a low clinical translation and a massive waste of animal resources. Current
engineered in-vitro thrombosis models are promising in terms of biomimetic features and the use
of human blood. The participation of in-vitro thrombosis models should expedite the drug
screening process and greatly release animal research burden, although drug tests in animals
cannot be entirely avoided due to regulatory rules and necessary in vivo side-effect checks.
Limitations of current in-vitro thrombosis models include insufficient drug research, limited
testing capacity, poor model characterization, and a lack of tunability in mimicking different
pathophysiological conditions. These limitations make the refinement of current models extremely
difficult as most models are not designed originally for thrombolytic drug evaluations, and a re-
design process may take as much time as designing a new model. Therefore, a large demand
existed for developing representative in-vitro thrombolysis flow models to screen novel
thrombolytic agents that offer faster clot dissolution and better clot specificity. Thrombi
characteristics and local hemodynamics largely affect the in vivo efficacy of thrombolytic agents.
And thus, the developed model should emphasize both aspects to gain physiological relevance. In
all, a thrombolytic drug evaluation model that combines an in vivo-like fluorescence incorporated
synthetic clot (FISC) and human-relevant flow conditions can be a versatile and representative

platform that expedite improve drug translation rates and expedite drug evaluation processes.
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3. CHARACTERIZATION OF FIBRIN UNDER VARIOUS CLOTTING
CONDITIONS

One version of this chapter was published in Thrombosis Research entitled “Fibrin clot formation
under diverse clotting conditions: Comparing turbidimetry and thromboelastography”, Volume
187, Page 48-55, (2020), access via https://doi.org/10.1016/j.thromres.2020.01.001

Endogenous plasma variables impact fibrin polymerization affecting ultimate clot structure
and stability. Understanding the role of individual variables in clot formation can help build a
tunable in-vitro synthetic clot substrate for drug evaluation. The introduced tunability also
potentiates the fabrication of a patient-specific clot substrate to aid in the development of
personalized medicine. Therefore, studying fibrin formation under very controlled conditions and
across a diverse range of clotting circumstances is crucial. TEG and turbidity assays are two
methods that can monitor fibrin formation in progress along with offering physical properties such
as clot strength and clot turbidity. In some clinical instances, TEG and turbidity assay have been
used interchangeably while the feasibility is not assessed. This chapter will thoroughly explore the

synergistic use of TEG and turbidity assays to create a reliable fibrin characterization system.

3.1 Abstract

Thrombosis is a leading cause of death around the world. Fibrin, the protein primarily
responsible for clot formation, is formed via cleaving soluble fibrinogen by thrombin with
resulting properties varying under different clot forming conditions. This study sought to compare
trends across thromboelastography (TEG) and turbidimetry utilizing a simplified
fibrinogen/thrombin clot model. Turbidimetry is an optical measure (550 nm) of fibrin clot
formation and is widely utilized due to its laboratory accessibility and ease of use.
Thromboelastography (TEG) is a specialized viscoelastic technique that directly measures clot
strength and is primarily utilized in the clinical setting to assess patients’ hemostasis. In these
experiments, human and bovine fibrin clots were formed in-vitro by mixing fibrinogen and
thrombin under diverse clotting conditions. Increasing thrombin concentration (0 to 10 U/mL),
ionic strength (0.05 to 0.3 M), pH (5.5 to 8.1), and lowering albumin concentration (100 to 0

mg/mL) resulted in decreased clot turbidity and increased clot strength using species-matched
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bovine and human fibrinogen and thrombin. Whereas, increasing fibrinogen concentration (1 to 5
mg/mL) resulted in increased clot turbidity and increased clot strength for both species-matched
and cross-species fibrinogen and thrombin. Clotting times with both techniques followed a similar
trend and were observed to be unchanged when varying albumin concentration, elongated with
increasing fibrinogen, and shortened with increasing pH, ionic strength, and thrombin. TEG and
turbidimetry track clot formation via two distinct methods and when utilized together provide

complementary clot strength and fiber structural information across diverse clotting conditions.

3.2 Introduction

Blood coagulation is a complex cascade of multiple activators and inhibitors working in
concert with each other to maintain hemostasis. Thrombosis is the pathological formation of a
thrombus, or blood clot, in the body that partially or completely restricts blood flow, limits
perfusion, and can result in tissue death. Fibrin, a protein that is primarily responsible for clot
formation, is a critical component in thrombosis. Fibrin monomers are formed via the cleavage of
soluble fibrinogen by thrombin. These monomers spontaneously polymerize and aggregate
laterally to form fibrin fibers.[1] In the final step of the coagulation cascade the fibers are
crosslinked by coagulation factor FXIIla forming a hemostatic fibrous clot in a calcium dependent
process.[2] The conditions that fibrin polymerization occurs under determines the fibrin clot
structure in addition to mechanical and fibrinolytic properties of the clot.[3] A number of critical
factors that affect the kinetics of fibrin polymerization and the resulting fiber
thickness/morphology include fibrinogen and thrombin concentrations, ionic strength, pH, and
total protein concentration.[4-6]

To better understand fibrin formation in pathological thrombosis, it is necessary to study
fibrin formation under very controlled conditions and across a diverse range of clotting
circumstances. In literature, multiple assays and specialized equipment have been utilized to
measure blood clot formation characteristics that include electron microscopy, clot permeability
tests, clot turbidity assays, prothrombin time (PT and normalized INR), activated partial
thromboplastin time (aPTT), rotational thromboelastogram (ROTEM), and thromboelastography
(TEG) assays, to list a few.[7-9] These clot analysis tools vary based on their utilization for
research purposes and as clinical diagnostic tools. PT and aPTT are two common clinical assays

that measure the integrity of specific coagulation pathways to assist in diagnosis and monitoring
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of patient coagulation disorders and is commonly utilized for therapeutic dosage decision making.
These assays monitor time as the only variable and give little indication of physical characteristics
like clot structure, mechanical strength, and fibrinolytic properties. While there are many clot
formation analysis tools this study will focus on thromboelastography and turbidity measurements
to track dynamic fibrin clot formation characteristics over a range of different clot formation
conditions.

Turbidity assays (turbidimetry) are widely used for research and clinical applications due
to their simplistic implementation and utilization of commonly accessible equipment found in
research laboratories. Turbidimetry measures light transmittance through a clot and is carried out
utilizing a spectrophotometer looking at a defined wavelength, typically 405nm (or in the range of
350-700 nm).[10, 11] Turbidity measurements of a clot can be tracked over time to monitor
formation dynamics (Figure 3.1A). It is not surprising that turbidity is a popular measure of clot
formation as it can easily be adapted to a multi-well plate format for multiplexing to allow for high
through-put sample screening. A turbidity tracing (or absorbance over time plot) allows
determination of a number of clot-forming parameters that include maximum turbidity, time to
maximum turbidity, time to clot onset, and clot formation rate (Vmax). Prior studies have developed
correlations to convert raw turbidity tracings to fibrin fiber mass/length ratio for use as a relative
estimate of fiber thickness.[4, 11-13] Turbidity is limited; however, in that it does not directly
measure clot strength or fibrin structure and it is incapable of use in whole blood clot formation
assays as red blood cells absorb significantly at the wavelengths that are typically utilized.[14]

As previously mentioned, thromboelastography is another method for characterizing clot
formation that has received widespread attention dating back to the 1980s.[15, 16] In recent years,
TEG has been primarily utilized in the clinic for testing clot formation and digestion dynamics to
assess a patient’s hemostatic status in trauma and during surgery. TEG®6s, TEG®5000 and
ROTEM® represent three commercially available thromboelastography tools that have gained
significant popularity. Although they may differ slightly in instrument design and functionality,
their ability to monitor clot formation and digestion significantly overlap. Since TEG is a
viscoelastic technique that directly measures clot strength, it can be utilized for both whole blood
and fibrin analysis. The TEG®5000 instrument, employed in this study, monitors blood
coagulation in a TEG cup as it is rotated at a 4° 45' arc back and forth against a pin and an

electromechanical torsion sensor measures the increasing viscoelastic strength of an evolving clot
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(Figure 3.1B). The accompanying TEG software interprets the raw TEG tracing (clot strength
over time) and presents multiple parameters that include maximum amplitude (MA), reaction rate
(R), kinetics time (K), a angle (Angle), and time to maximum amplitude (TMA) compared to an
acceptable clinical normal range to assess coagulation state. While this level of analytical
capability is desirable, TEG is a less commonly utilized technique in research laboratories as it
requires specialized equipment to carry out the assays. TEG also suffers from its inability to
multiplex without purchasing multiple instruments as each TEG instrument only has two-channels
which significantly reduces throughput. This study sought to compare TEG and turbidimetry to
determine under what conditions they provide similar or different experimental trends for clot
characterization.

Utilizing a simplified fibrinogen and thrombin model clot system, this study monitored
thrombin-mediated fibrin clot formation under various clotting conditions to determine their
unique influence on clot strength and fibrin structure that included: fibrinogen and thrombin
concentrations, ionic strength, and pH.[11, 12, 17, 18] Albumin, the most abundant protein found
in blood plasma, was also varied in solution to determine if overall protein concentration affects
clot formation dynamics in both TEG and turbidity assays. While FXIIIa is required to crosslink
the fibrin fibers and does contribute significantly to overall clot strength, FXIIIa is not required for
fibrin polymerization and lateral aggregation of protofibrils.[ 1, 19] Clinically, patients that exhibit
a significant FXIII deficiency with nearly no residual FXIII activity still produce a TEG tracing,
albeit at a significantly reduced MA than that of normal blood.[20] To prevent confounding results
from residual FXIII activity in this simplified clot model all fibrin formation assays were
conducted in the absence of calcium to mitigate FXIII activation.

In some research and clinical settings bovine clotting factors are utilized as a substitute to
human clotting factors and for this reason both human and bovine fibrinogen and thrombin were
compared throughout this study. It is interesting to note that bovine thrombin was the first FDA-
approved thrombin and is easily obtainable at a relatively low cost compared to human
thrombin.[21] An example of cross-species fibrinogen / thrombin utilization can also be found in
some clinical fibrin-based sealants used for wound closure applications that combine human
fibrinogen with bovine thrombin. Vitagel (Orthovita ®, Malvern, PA), one of the commercially
available fibrin sealant kits that contains bovine thrombin, is used as labeled for anastomotic

bleeding, cancellous bone bleeding, and capillary bed bleeding which is widely used in hospitals
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in the US.[22] This study also compared human and bovine cross-species fibrin clot formation
(human fibrinogen / bovine thrombin, or bovine fibrinogen / human thrombin) via both TEG and

turbidity assays.

3.3 Material and Methods
3.3.1 Materials

Human plasminogen-depleted fibrinogen (> 90% clottable protein, lyophilized at 44 mg/ml
in 20 mM sodium citrate-HCl), human thrombin (lyophilized at 7,571 U/ml in 50 mM sodium
citrate and 0.2 M NacCl), bovine fibrinogen (> 95% clottable protein, lyophilized at 49 mg/ml in
20 mM sodium citrate-HCI), and bovine thrombin (lyophilized at 10,223 U/ml in 50 mM sodium
citrate and 0.2 M NaCl), bovine serum albumin, human serum albumin, and additional reagents
for buffer preparation were purchased from Millipore Sigma (St. Louis, MO). The fibrinogen and
thrombin used in this study cannot be used for clinical applications. Technochrom® factor XIII kit
and Technochrom® coagulation reference was purchased from Diapharma (West Chester, Ohio).
Slide-A-Lyzer® dialysis cassettes (20 kDa cutoff) were purchased from Thermo Scientific
(Waltham, MA). UV transparent flat bottom 96-wells plates were purchased from Corning®
(Kennebunk, ME). Thromboelastography clear disposable pins and cups were purchased from

Haemonetics® (Braintree, MA).

3.3.2 Sample Preparation

Lyophilized human and bovine fibrinogen were reconstituted in PBS 20 min prior to use.
PBS (0.01 M, pH 7.4, ionic strength 0.165 M) was used in all clotting experiments unless otherwise
specified. Lyophilized human and bovine thrombin were reconstituted in deionized water,
aliquoted, and kept at -20 °C. All thrombin aliquots were thawed at room temperature (RT) and
diluted 15 min prior to use. In all experiments, protein concentrations were determined via
extinction coefficients (513,400 L mol-1 cm-1 for fibrinogen and 43,800 L mol-1 cm-1 for albumin
at 280 nm) on a spectrometer (SpectraMax M5, Molecular Devices; Sunnyvale, CA). Bovine
fibrinogen was clotted by bovine thrombin (with or without bovine albumin) and human fibrinogen

was clotted by human thrombin (with or without human albumin), unless otherwise specified.
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Fibrin clotting was performed at 37 °C for TEG and at room temperature in turbidimetry assays as
these are the most utilized experimental conditions for each technique. Turbidity Assays

Before clotting, 10 pL thrombin (20 U/mL unless specified) solution was added into 140
uL of PBS in 96-well plates. Clotting was initiated by mixing 50 pL fibrinogen (12 mg/mL unless
otherwise specified) in the well. For clotting with albumin, albumin solutions were mixed in wells
before the addition of fibrinogen. Clot turbidity was monitored by kinetic reads of absorbance at
550 nm at RT using the spectrometer directly following clot initiation for 60 minutes. Maximum
turbidity (Turb™*) and time from the end of the clot lag period to 90% maximum turbidity

(Turb™™¢) were determined. All data represents means (£SD) of triplicates.

3.3.3 Thromboelastography Assays

Fibrin clots in TEG assays were initiated by mixing 340 pL fibrinogen (3.2 mg/mL unless
specified) solution with 20 puL thrombin solution (18 U/mL unless specified) in a clear uncoated
TEG cup. For clotting with albumin, albumin solutions were mixed with fibrinogen prior to being
added into the cup. Thromboelastography was measured using TEG®5000 Thromboelastograph
Hemostasis Analyzer at 37 °C with TEG Analytical Software® Version 4 (Haemonetics
Corporation, Braintree, MA). TEG tracings were monitored immediately following clot initiations
for 60 minutes. Maximum amplitude (TEGM*) and time to maximum amplitude (TEG"'™) were
collected for further analysis. TEG assays were performed in duplicate with clot strength
measurements averaged at 12 reads/min for each sample (data plotted as means). A TEG
reproducibility test was performed to verify TEG accuracy in assessing purified fibrinogen and

thrombin clot formation characteristics in addition to determining instrument variability.

3.3.4 Varying lonic Strength

For clotting at different ionic strengths PBS solutions (0.01 M) were made by dissolving
individual buffer components and their ionic strengths were adjusted by varying the concentration
of sodium chloride (21, 101, 111, 121, 131, 141, and 271 mM) along with 1.8 mM potassium
phosphate monobasic, 10 mM sodium phosphate dibasic and 2.7 mM potassium chloride to get

final ionic strengths of 0.05, 0.13, 0.14, 0.15, 0.16, 0.17 and 0.3 M. Due to significant dilution
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factors residual buffer salts from the lyophilized fibrinogen and thrombin contributed < 3% to the

final ionic strength of the clotting solution.

3.3.5 Varying pH

For clotting at different pH values, PBS solutions (0.01 M) were made by varying the
concentration of sodium phosphate dibasic (0.7, 3.2, 7.7, 8.1, 8.4, 9.5 mM) and potassium
phosphate monobasic (8.2, 6.0, 2.0, 1.7, 1.4, 0.5 mM) to achieve pH values of (5.8, 6.6, 7.3, 7.4,
7.5, 8) along with 2.7 mM potassium chloride and sodium chloride (153, 147, 138, 137, 136, 134
mM) to keep the final ionic strength at 0.165 M. Solution pH values were verified via pH probe
(Mettler Toledo, OH). The lyophilized buffer present in the stock protein products do not
significantly affect the pH of the final clotting solution. pH values were directly measured for each

sample to ensure the desired pH was attained prior to analysis.

3.3.6 Statistical Analysis

Turb™, Turb™™¢ TEGM* and TEG"™ were collected and analyzed in each assay.
Summary data are presented in text using descriptive statistics with normally distributed data
described as mean + standard deviation. Means were compared using Student’s t-test (equal
sample size) or Welch’s t-test (unequal sample size).[23] All tests were two-sided and P-values <
0.05 were considered significant. For assessing statistically significant of data comparing TEG,
instrument error was included in the significance calculations as determined by the TEG
reproducibility assays (Table 3.1). The reproducibility of TEG was examined by monitoring both
bovine and human fibrin formation by mixing 1, 2, 3 mg/mL fibrinogen with 1 U/mL thrombin.
TEGM2* (or MA) and TEG™™® (or TMA) showed less than 1.5 mm and 1.6 min standard deviations
for sample repeats on different days using at least three different aliquots and two different TEG
machines. TEG showed a high level of reproducibility for both TEGM# and TEG™™ values for
both human and bovine fibrin formation under these very challenging testing conditions. Technical
replicates demonstrated TEGM* and TEG"™® standard deviations of <0.5 mm and <0.7 min,

respectively.
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Table 3.1. Reproducibility test of TEG varying fibrinogen concentration in fibrin

TEGM** (mm) TEG"™¢ (min)
Bovine biological Human biological Bovine biological Human biological
replicates replicates replicates Replicates
1 mg/ml 8.8+£0.6 69£1.0 32+0.8 34+£0.8
2 mg/ml 21.5+£09 17.5+£0.9 56£0.8 6.4+1.6
3 mg/ml 333%1.5 240+1.2 79+£1.1 10.2£0.8

3.4 Results and Discussion

Due to the extensive complexity of whole blood and potential significant confounders from
donor sample to donor sample, a simplified model clot that utilizes only fibrinogen and thrombin
was used in this study to accurately compare turbidity and TEG assays. While both TEG and
turbidity are relatively continuous measures of clot formation over time, we selected two
parameters (Figure 3.1) that are representative of maximum clot formation and time to achieve
the maximum clot formation. For turbidity assays, maximum turbidity (Turb™®*) and time to 90%
maximum turbidity (Turb™™®), were extracted from the absorbance tracings at 550nm. While fibrin
fiber thickness was not directly measured, maximum turbidity is directly related to the average
size of the fibers or fiber bundles at fixed fibrinogen concentrations and thus, turbidity can be
considered a surrogate marker of fibrin fiber thickness under the highly controlled clotting
conditions in this model.[5] For TEG assays, maximum amplitude (TEGM#), which is a measure
of maximum clot strength, and time to maximum amplitude (TEGT™®), were determined by the
TEG software. Both assays exhibit a preliminary lag time typically resulting from a clot initiation
period in which activation of the clotting cascade, through external stimulus, causes the slow
formation of fibrin fibers as the system builds in clotting intensity. In this study, however, purified
thrombin was used directly resulting in shorter lag periods, particularly in turbidity measurements,

as activation of the clotting cascade was not necessary.
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Figure 3.1. (A) Turbidity and (B) TEG tracing curves. After a lag period following the clot
initiation, clot absorbance (turbidity assay) and clot amplitude (TEG assay) increase over time
and level off at the end of clot formation. The symmetrical shaped trajectory in the TEG assay is
a result of the dual-direction rotation and sensing by the pin.

3.4.1 Factor Contamination Study

Factor contamination is common in commercially available purified blood proteins. The
direct addition of active thrombin to highly clottable fibrinogen mitigates the impact of most
coagulation factor contaminants as the fibrin formation in this system does not rely on activation
of multiple components throughout the blood coagulation cascade.[24] Factor XIII, a common
factor contaminant in fibrinogen, was quantified using the Technochrom® FXIII assay under
saturating calcium conditions in both the bovine and human fibrinogen samples demonstrating 9.3
+ 1.6% (bovine) and 35.4 + 5.7% (human) FXIIla activity at a 3 mg/mL fibrinogen stock
concentration (100% representing the average normal FXIIla activity level in pooled plasma).
Depleting calcium in the Technochrom® testing reagents by the addition of citrate resulted in a
FXIlIIa activity decrease to 2.6 £ 0.1% (bovine) and 2.7 £ 4.2% (human), below the lower detection

limit of the assay (Figure 3.2).
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Figure 3.2. Standard curve of Technochrom® FXIII kit (A) and Factor XIII activity in bovine
and human 3 mg/mL fibrinogen stock (B). Triplicates were performed using different aliquots on
different days with data represented as means =+ std.

To explore FXIlIa activity in fibrinogen, 3 mg/mL fibrinogen concentration was selected
as it is the concentration of fibrinogen utilized throughout this manuscript, except in the varied
fibrinogen assays. FXIIla activity percent values are relative to a purchased known control FXIIIa
with 100% representing the average of normal pooled plasma. In the absence of calcium, the
FXIlIa activity was significantly suppressed below the limit of detection for this assay (< 3%).
Since calcium cannot be readily removed from the assay kit the supplier recommended addition of
100 mM citrate to sequester the added calcium providing a means for running the assay in the
presence and absence of calcium. As suspected, these results indicate that FXIII contaminants in
the stock fibrinogen are inactive in the absence of calcium as FXIII is known to require calcium to
be converted into FXIIIa. All clotting assays were carried out in the absence of calcium rendering
residual FXIII in the fibrinogen preparations inactive. A comparison test on fibrin clot formation
by dialyzed fibrinogen in the presence and absence of calcium was also carried out (Figure 3.3).
Bovine and human fibrinogen were reconstituted using 0.01 M PBS and 0.5 mL of each solution
was dialyzed against 1L 0.01 M PBS using a 20 kDa cutoff Slide-A-Lyzer® Dialysis Cassette
(Thermo Scientific). After 24 hours of dialysis, bovine and human species-matched fibrin were

examined via TEG at 3 mg/ml fibrinogen and 1 U/mL thrombin.
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Figure 3.3. Comparison of RT (non-dialyzed), dialyzed, RT+Ca and Dialyzied+Ca groups for
bovine fibrin TEGM# (A) and TEGT™¢ (C) and human fibrin TEGM#* (B) and TEG™™¢ (D). RT
and dialyzed groups showed little difference in TEGM# and TEG™™¢ for both bovine and human.
Experiments were performed in triplicates using different aliquots and dialysis cassettes on
different days.

After the addition of calcium (2 mM final concentration), the human TEGM* demonstrated
a larger increase in MA than bovine TEGM#, This result was expected since there was significantly
more FXIII contamination present in the human fibrinogen than the bovine fibrinogen and with
the addition of calcium a crosslinked fibrin network is expected to produce a stronger clot (Figure
3.3B). Student t-tests were performed across RT and dialyzed groups, p values were compared to
0.05, to determine significance. This test sought to compare dialyzed vs non-dialyzed fibrinogen.
When comparing non-dialyzed (RT) with dialyzed groups in the presence and absence of calcium
only two groups demonstrated a significant difference (P<0.05): human TEGM* vs dialyzed
TEGM# and bovine RT+Ca TEGM* vs bovine dialyzed+Ca TEGM*. While statistical significance
was observed with both sample comparisons, they exhibited only small absolute MA deviations.

In summary, results in this section showed a consistency across assays and demonstrate

that FXIIIa activity in the absence of calcium and dialysis are not significant contributors to fibrin
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formation under these tightly controlled clotting conditions. Additionally, by keeping the
concentrations for all components held constant across both TEG and turbidity assays they exhibit

identical factor contamination levels allowing for accurate comparisons to be drawn across assays.

3.4.2 Effects of Fibrinogen Concentration on Clot Formation

While there are many clotting factors and platelets that are attributed to the overall clot
formation process in-vivo, fibrinogen is the primary clot forming protein contributing to bulk clot
structure and stability. Fibrin formation, or cleavage of fibrinogen by thrombin, occurs at the end
of the clotting cascade. The physiological range of fibrinogen in human plasma is 1.5 to 4 mg/mL
(3 to 7mg/mL in bovine). Resting fibrinogen concentrations above or below this physiologic range
would be indicative of a coagulation disorder causing either increased bleeding or
hypercoagulability. To experimentally test the effects of fibrinogen concentration on clot
formation, thrombin was held at a fixed concentration of 1 U/mL and fibrinogen was varied from
1 to 5 mg/mL while maintaining a constant total clotting volume.

Turbidity and TEG assays were carried out with species matched bovine or human
fibrinogen and thrombin. Maximum amplitude (TEGM®), time to maximum amplitude (TEGT™®),
maximum turbidity (Turb™), and time to 90% maximum turbidity (Turb™™¢) were compared.
With increasing fibrinogen concentration, both bovine and human fibrin clots demonstrated
increased clot turbidity and clot strength (Figure 3.4). This was in agreement with previous
scanning electron microscopy (SEM) and rheology studies that showed at higher fibrinogen
substrate concentrations, clots were composed of thinner fibers which resulted in tighter fibrous
networks that exhibited higher clot strength.[4, 12] Since more fibrinogen at a constant volume
results in more fiber formation, an increase in turbidity is anticipated as a denser fibrous blockage
increases light scatter and limits light transmission. A tighter fibrin fiber network also provides for
a stronger clot structure as evidenced by the increased clot strength in the TEG assays. Comparing
clot formation times across both assays, Turb™™¢ and TEG™™ lengthened at elevated fibrinogen
concentrations. This elongation in time was expected since high levels of fibrinogen can exhibit
inhibitory effects on fibrin monomer polymerization through a competitive inhibition interaction
between fibrin monomers and non-cleaved fibrinogen [30]. While both clot formation times
(Turb™™e and TEG™™®) are calculated differently they both revealed a similar increasing trend with

no significant differences (P > 0.05). TEGT™® is calculated from the end of the lag period to the
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maximum amplitude and the Turb™™¢ is calculated from the end of the lag period to 90% of the
maximum turbidity. The lag periods for these two assays differ in sensitivity as the initial lag
period in turbidimetry probes for the change in optical density as protofibrils form and lateral
aggregation occurs in solution, while TEG probes for the time necessary for clot gelation to occur

where mechanical strength is detectable by the sensor.
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Figure 3.4. Turbidity (A) and TEG assays (B) on bovine and human fibrin clots with different
fibrinogen concentrations (1, 2, 3, 4, 5 mg/mL) at constant 1U/mL thrombin. Turb™** and
TEGM?* on primary axis; Turb™™¢ and TEG™™® on secondary axis. All comparisons were made
using averages. Raw tracing curves of turbidity and TEG shown in Figure A.1 and Figure A.2
with Vinax, Lag time, a angle and R included in Table A.1.

In comparison to bovine fibrin clots, human fibrin clots showed 26 + 5% higher Turb™**
(P < 0.05), 61 + 15% longer Turb™™¢ (P < 0.05), and 53 + 1% lower TEGM** above 2 mg/mL
fibrinogen concentrations (P < 0.05). Since TEG is a direct measurement of clot strength and
turbidity is an optical measurement, the human fibrin clot can be interpreted to be mechanically
weaker and optically more turbid than the bovine fibrin clot. In all, TEG and turbidity assays
tracked similarly on clot formation with varying fibrinogen concentrations demonstrating higher

turbidity and higher clot strength at increasing fibrinogen levels.

3.4.3 Effects of Thrombin Concentration on Clot Formation

The concentration of thrombin in plasma has a steady state of 1 U/mL of thrombin in its

prothrombin form in adult plasma but can vary greatly locally depending upon the coagulation
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state.[25] In some instances, prothrombin is activated through the coagulation cascade and
thrombin levels reach as high as 20 U/mL when associated with a clot.[26] To test the effects of
thrombin concentration on clot formation, fibrinogen was held constant at 3 mg/mL and thrombin
was varied from 0.1 to 10 U/mL. An upper limit of 10 U/mL of thrombin was selected based on
preliminary results that had shown that higher thrombin levels did not significantly affect clot

formation kinetics as fibrinogen rapidly became the limiting reagent.
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Figure 3.5. Turbidity (A) and TEG assays (B) on bovine and human fibrin clots at 3 mg/mL
fibrinogen with different thrombin concentrations (0.1, 0.3, 0.6, 0.8, 1, 2.5, 5, 10 U/mL).
Turb™* and TEGM#* on primary axis; Turb™™¢ and TEG™™® on secondary axis. All comparisons
were made using averages. Raw tracing curves of turbidity and TEG shown in Figure A.3 and
Figure A.4 with Vax, Lag time, o angle and R included in Table A.2.

For both bovine and human fibrin clots the increase in thrombin concentration resulted in
decreased clot formation times across both TEG and turbidity assays (Figure 3.5). This result was
expected since the presence of more enzyme provided for an increased rate of overall fibrinogen
conversion. Interestingly, increasing thrombin resulted in a decreased Turb™** and an increased
TEGM#, At elevated thrombin levels, thinner fibrin fibers and a tighter fibrous network were
previously observed both under SEM and by permeability assays.[5, 7] By combining these
observations, it can be explained that at a fixed amount of fibrinogen, the thinner fibers impart
more strength to the overall fiber network which results in an increased TEGM® while
simultaneously having less optical density, lowering the observed Turb™**. No previous study has

directly compared species across both TEG and turbidity and as observed here the combination of
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the assays provide insight into clot strength and clot structure without the need for SEM.[4, 5]
Comparing species is important as much of the preclinical work on blood coagulation, fibrinolysis,
and pharmaceutical development are performed in animals often with limited regard to species
based variations as assays and pharmaceuticals transition into interventions and diagnostics for
human use.

Increasing thrombin from 0 to 1 U/mL resulted in a sharp decline in turbidity and a sharp
increase in TEGM® which leveled off at thrombin levels above 1 U/mL. This indicates that at
thrombin levels above 1 U/mL at 3 mg/mL fibrinogen, the clot formation time and resulting clot
strength and turbidity remain largely unaffected (P > 0.05). This effect became more prominent as
thrombin concentrations were elevated for both assays as the reaction becomes substrate limited.
Similar to the varying fibrinogen concentration experiment detailed previously, bovine and human
fibrin clots shared a similar overall trend for all four parameters across both assays with human
fibrin showing higher turbidity at thrombin levels above 0.8 U/mL (P < 0.05) and lower clot
strength at thrombin levels below 5 U/mL (P < 0.05) compared to bovine.

3.4.4 Effects of Ionic Strength on Clot Formation

Ionic strength plays an important role in regulating the kinetics of fibrin polymerization.[17]
For these experiments, fibrinogen and thrombin were held constant at 3 mg/mL and 1 U/mL,
respectively, while the ionic strength of the clotting solution was varied from 0.05 to 0.3 M by
adjusting the concentration of sodium chloride in 0.01 M PBS (pH = 7.4). Since the physiological
ionic strength of human blood plasma is tightly regulated around 0.15 M, the bulk of ionic strengths
tested were between 0.13 M and 0.17 M to attain a more detailed physiologically relevant clot

formation condition.
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Figure 3.6. Turbidity assays (A) and TEG assays (B) on bovine and human fibrin clots at 3
mg/mL fibrinogen with 1U/mL thrombin at different ionic strength in PBS (0.05, 0.13, 0.14,
0.15,0.16, 0.17, 0.3M). Turb™* and TEGM#* on primary axis; Turb™™® and TEGT™® on
secondary axis. All comparisons were made using averages. Raw tracing curves of turbidity and
TEG shown in Figure A.5 and Figure A.6 with Vmax, Lag time, a angle and R included in Table
A3.

By increasing ionic strength, both bovine and human fibrin showed decreased Turb™** and
increased TEGM* (Figure 3.6). These trends are similar to the previous thrombin experiment in
that at higher ionic strength there was lower turbidity, or higher light transmittance, and higher
clot strength, indicative of the formation of a tighter fibrous network. Human and bovine fibrin
showed an overall similar trend in Turb™* and TEGM# compared to bovine fibrin. The maximum
clot strength of bovine fibrin occurred at 0.16 M which was very close to physiological ionic
strength. At an ultrahigh ionic strength of 0.3 M, bovine fibrin TEGM®* showed a large decline
while human fibrin TEGM* maintained an upward trend.

Regarding clot formation kinetics, increasing ionic strength resulted in a shortened clot
formation time for human fibrin. At the lowest ionic strength (0.05 M), human fibrin showed
extremely long clot formation times in both assays: Turb™™ (41.4 minutes, P < 0.05) and TEGT™m®
(45.6 minutes, P < 0.05) compared to all other ionic strengths tested. Interestingly, the Turb™m®
and TEGT™® of bovine fibrin were unaffected by increasing ionic strength compared to human
fibrin (P > 0.05). Varying salt concentration more significantly affects the formation of human
fibrin than that of bovine fibrin. Overall, with increasing ionic strength, clotting times across both

assays showed similar overall trends and Turb™* and TEGM#* showed generally opposite trends.
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3.4.5 Effects of pH on Clot Formation

Similar to ionic strength blood pH is also tightly regulated around 7.4 (7.35 to 7.45) for
both human and bovine. However, in some pathological conditions local blood pH far outside of
the normal range have been observed. An example of this phenomena occurs in solid tumors which
can exhibit local pH values as low as 5.8 due to elevated production of lactic acid by cancer cells
with insufficient blood flow.[27-29] This significantly lower pH can negatively affect hemostasis
and result in dysfunctional coagulation. Despite the generally tight control over in-vivo pH we
sought to explore how pH affects clotting in-vitro across a much wider range. For these
experiments, fibrinogen and thrombin were held constant at 3 mg/mL and 1 U/mL, respectively,

while pH was varied from 5.8 to 8.0 in PBS.
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Figure 3.7. Turbidity assays (A) and TEG assays (B) on bovine and human fibrin clots at 3
mg/mL fibrinogen with 1U/mL thrombin in PBS at different pH (5.8-8.0). Turb™* and TEGM#*
on primary axis; Turb™™¢ and TEG"™ on secondary axis. All comparisons were made using
averages. Raw tracing curves of turbidity and TEG shown in Figure A.6 and Figure A.7 with
Vmax, Lag time, o angle and R included in Table A.4.

For both human and bovine fibrin, an increase in clotting solution pH resulted in decreased
clot turbidity and increased clot strength (Figure 3.7). A previous SEM study in human fibrin
reported that increased solution pH resulted in the formation of thinner fibers which is confirmed
here by decreased clot turbidity and increased clot strength [6]. Bovine and human fibrin showed
similar trends across all four parameters. Additionally, the TEGM®* for bovine fibrin was larger

than those of human fibrin at pH > 7.3 (P < 0.05), whereas Turb™* showed no significant
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differences (P > 0.05). Both assays showed downward trends on clot formation times. Lower pH
(< 7.3) proved to impact fibrin formation than higher pH (> 7.3) more significantly. In this
experiment with varying pH in the clotting solution, Turb™* and TEGM?#* showed opposite trends.
Near physiological pH, TEG was more effective than turbidity in elucidating differences between

bovine and human fibrin clots.

3.4.6 Effects of Albumin Concentration on Clot Formation

Albumin is the most abundant protein in blood plasma with a normal range of 35-55 mg/mL
in human and an average of 33 mg/mL in bovine.[30] To study the effects of albumin on clot
formation, a wide concentration range was selected from 0 to 100 mg/mL. For these experiments,
fibrinogen and thrombin were held constant at 3 mg/mL and 1 U/mL with albumin (0, 20, 40, 50,
60, 80, 100 mg/mL) being varied in the solution prior to clot initiation (Figure 3.8). Increasing the
concentration of albumin resulted in increased clot turbidity (Turb™**) and decreased clot strength
(TEGM®). The influences on Turb™* and TEGM* were quite prominent at low albumin
concentrations but less significant at higher albumin concentrations with no significant differences
observed in TEGM# above 40 mg/mL (P > 0.05). The addition of albumin; however, did not alter
clot formation times in either of the assays (P < 0.05). This could be attributed to the fact that
albumin does not participate directly in the fibrinogen cleavage reaction. While it does not
contribute to the clot formation kinetics its presence in the clot, due to bystander incorporation,
may affect the fibrin fiber packing which in turn affects both clot turbidity and clot strength. The
presence of albumin likely resulted in the formation of thicker fibers and a less dense fibrin
network ultimately contributing to weaker clot formation. At low albumin/fibrin molar ratios, <
5:1, albumin has been shown to modulate lateral assembly of fibrin polymers resulting in a finer

fiber structure that is associated with decreased turbidity.[31] At higher albumin to fibrin ratios,

representative of the albumin levels used in this study (220 mg/mL, albumin: fibrin of > 30:1),

this effect is diminished and the maximum turbidity showed a dramatic increase as the albumin

level in the clotting solution increased. Bovine and human fibrin tracked similarly in both assays.
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Figure 3.8. Turbidity assays (A) and TEG assays (B) on bovine and human fibrin clots at 3
mg/mL fibrinogen with 1 U/mL thrombin with the addition of different amount of albumin (0,
20, 40, 50, 60, 80, 100 mg/mL in final solution). Turb™* and TEGM®* on primary axis; Turb™™®
and TEGT™® on secondary axis. All comparisons were made using averages. Raw tracing curves
of turbidity and TEG shown in Figure A.8 and Figure A.9 with Vmax, Lag time, o angle and R
included in Table A.S.

3.4.7 Cross-Species Fibrin Deposition

As previously mentioned, there are some instances where non-species matched fibrinogen
and thrombin are utilized to either take advantage of faster enzymatic rates or lower associated
reagent cost. It is fairly common for proteins that perform a similar task from different species to
have significant sequence homology and human and bovine fibrinogen and thrombin follow this
trend with over 64% and 81% cross-species amino acid sequence homology, respectively.[32, 33]
To test the effects of utilizing cross-species clotting proteins the following experiment was carried
out with mismatched human / bovine thrombin and fibrinogen. In all instances, thrombin was held
constant at 1 U/mL in PBS pH 7.4 while fibrinogen was varied from 1 to 5 mg/mL.

With increasing fibrinogen, clot turbidity, clot strength, and clot formation times increased
in all four groups as previously observed with the species matched thrombin / fibrinogen (Figure
3.4). Regarding Turb™*, all thrombin and fibrinogen pairs were clustered at increasing fibrinogen
concentrations (Figure 3.9A). TEGM* values; however, were observed in two distinct groups
associated around each fibrinogen species which indicated that fibrinogen species more
significantly determined fibrin clot strength compared to thrombin species (Figure 3.9B; P <0.05).

This result suggests that bovine and human thrombin can potentially be used interchangeably to
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achieve a similar clot strength if the fibrinogen species is held constant. When looking at clot
formation times, all groups shared similar values across both assays except that in human
fibrinogen with bovine thrombin. In bovine thrombin with human fibrinogen, Turb™™ was nearly
twice as long compared to the other groups (Figure 3.9C; P < 0.05) while the observed TEGT™®
remained similar (Figure 3.9D; P > 0.05). It is unclear why there was such a slow catalytic effect
of bovine thrombin on human fibrinogen in the turbidity assay that was not observed in the TEG
assay other than the presence of gentle mixing and slightly elevated temperature (37 °C) associated
with the TEG assay. As demonstrated throughout this manuscript study other variables such as:
thrombin concentration, ionic strength, and pH, can all be altered to achieve desired kinetics or
control over resulting clot strength and fiber structure in both species matched and cross-species
fibrin clot formation.

Clot formation times have been used to assess blood coagulation potential in a large range
of diseases and good overall correlations between Turb™™® and TEGT™® were found in this study.
For this reason, clot formation time measurements in both TEG and turbidity assays can assess
coagulation dynamics over physiological and most pathological conditions. Kinetic parameters to
assess the rate of clot strengthening in TEG (a angle) and the maximum rate of turbidity increase
(Vmax, milliunit per min) were also determined.[34] It is worth noting that the a-angle in this study
did not correlate well with the TEGT™® but showed a similar trend to TEGM** (Table A.1-6). This
may indicate that a more rapid clot strengthening results in a stronger fibrin clot. Due to the rapid
increase in turbidity at the concentrations of fibrinogen and thrombin used in this study resulting
from the direct addition of active thrombin, there was a high level of variability in calculated Vmax.
Despite this, Vmax showed a similar trend to the a-angle in TEG across most of the tested

experimental conditions conducted in this study (Table A.1-6).
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Figure 3.9. Turbidity assays (A, C) and TEG assays (B, D) on clots formed by four different
thrombin and fibrinogen combinations: bovine thrombin and fibrinogen, bovine thrombin with
human fibrinogen, human thrombin and fibrinogen, and human thrombin with bovine fibrinogen
(Turb™@ (A), TEGM® (B), Turb™™¢ (C) and TEG™™¢ (D)). In all groups, 1 U/mL thrombin and 1,
2, 3, 4, 5 mg/mL fibrinogen concentrations were used. All comparisons were made using
averages. Tracing curves of turbidity and TEG for this experiment were shown in Figure A.11
and Figure A.12 with Vma, Lag time, a angle and R included in Table A.6.

3.5 Conclusions

By utilizing a simplified clot model of purified thrombin and fibrinogen, we were able to
compare TEG and turbidity assays across a wide range of clot forming conditions such as: varying
fibrinogen, thrombin and albumin concentrations, ionic strength, and pH. Clot strength by TEG
and maximum turbidity showed similar increasing trends for increasing fibrinogen concentration

and opposite trends for increasing thrombin concentration, ionic strength, pH, and albumin. This
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opposite trend is related to the fibrin fiber thickness which directly impacts resulting clot strength
and optical turbidity. TEGM* and Turb™* showed opposite trends in some experiments and similar
trends in other experiments throughout this study and are best utilized together as complementary
tools to directly assess clot strength through TEG and the optical fiber thickness properties of a
fibrin clot through turbidity measurements. The TEG and turbidity assays performed in this study
expand on the previous findings that thinner fibers result in lower turbidity (Turb™**) and higher
clot strength (TEGM#¥) at a fixed fibrinogen concentration. Under in-vitro human physiological
blood conditions, human fibrin clots are optically more turbid and mechanically weaker than
bovine fibrin clots. This study demonstrates that both TEG and turbidity have different strengths
and weakness and to perform a comprehensive clot characterization under diverse clotting
conditions that includes clot strength, time to attain maximum clot strength, and fiber thickness

analysis both assays are necessary.
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4. FLUORESCENTLY CONJUGATED ANNULAR FIBRIN CLOT FOR
MULTIPLEXED REAL-TIME DIGESTION ANALYSIS

One version of this chapter was published in Journal of Materials Chemistry B entitled
“Fluorescently conjugated annular fibrin clot for multiplexed real-time digestion analysis”,
Volume 9, Page 9233-9424, (2021), access via https://doi.org/10.1039/D1TB02088A

Monitoring in-vitro thrombolysis can be achieved through a variety of methods ranging
from the estimation of complete clot disappearance time to a tracking of a real-time clot lysis. To
directly assess the thrombolytic efficacy of a drug agent, fibrin degradation is primarily tracked as
fibrin is the main therapeutic target of thrombolytic agents. D-dimer is a fibrin degradation product
that is generated during native thrombolysis process and an increased D-dimer level in plasma can
be indicative of ongoing thrombolysis in patients.[1, 2] However, monitoring a D-dimer level
requires a time-consuming preparation and a use of expensive immunological products. Clot
turbidity refers to the absorbance of a clot. Whereas turbidity assesses the bulk clot structure and
lacks molecular level interpretation capabilities. The measurement also requires a fixed path length
and a clear background which is hard to maintain in a thrombolysis model perfused with whole
blood. Thromboelastography (TEG), as discussed in previous chapter, is a specialized instrument
that is commonly used to assess patient hemostasis in clinical settings. Although the clot lysis
monitoring under TEG offers clinical relevance, the measurement cannot be easily multiplexed or
adapted for flow conditions or the addition of therapeutic agents. Another promising strategy is
through labeling fibrin clot with reporter molecules and monitoring accumulated reporter signal
levels to track clot lysis. While both isotopic iodine and fluorescein isothiocyanate (FITC) labeled
fibrin clot have been previously used to monitor thrombolysis, FITC molecules are much easier
and safer to use.[3, 4] The labeled clot substrate can be adapted into any flow models as those
reporters usually covalently bond to the clot which prevents an easy wash-away by the shear flow.
More importantly, reporters commonly conjugate fibrinogen non-specifically at primary amines
of lysine residuals. These conjugations are irreversible and could dramatically affect the fibrin
polymerization and crosslinking process resulting in impaired fibrin structures. When conjugations
block C-terminal lysine residuals or potential fibrin digestion sites on fibrin, fibrinolysis becomes
disturbed as a constant exposure of these residuals is crucial.[5, 6] An accurate interpretation of

the molecular interplays of fibrinolytic factors and inhibitors relies on the precise molecular
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tracking of clot digestion, which is affected by the homogeneity of fluorescence labeling in fibrin.
Fluorescence aggregates could contribute to a big variation in fluorescence release upon digestion.
Beyond fluorescence aggregation, heavy labeling can result in fluorescence quenching causing an
over estimation of fluorescence molecular release while lightly labeled clot substrates could
exhibit poor analytical sensitivity and poor limit of detection (LOD).[7] Thus, labeling
homogeneity and intensity levels of FITC-fibrin clots should be examined to guarantee a reliable
interpretation of clot lysis data.

Thus, the optimization of fibrin tagging level is the primary step to develop a
physiologically relevant fluorescently labeled fibrin-based clot. This chapter explores the impact
of fluorescent conjugation on fibrin properties and introduces an innovated setup of a high

throughput thrombolytic drug evaluation assay.

4.1 Abstract

Impaired fibrinolysis has long been considered as a risk factor for venous
thromboembolism. Fibrin clots formed at physiological concentrations are promising substrates
for monitoring fibrinolytic performance as they offer clot microstructures resembling in-vivo. Here
we introduce a fluorescently labeled fibrin clot lysis assay which leverages a unique annular clot
geometry assayed using a microplate reader. A physiologically relevant fibrin clotting formulation
was explored to achieve high assay sensitivity while minimizing labeling impact as fluorescence
isothiocyanate (FITC)-fibrin(ogen) conjugations significantly affect both fibrin polymerization
and fibrinolysis. Clot characteristics were examined using thromboelastography (TEG), turbidity,
scanning electron microscopy, and confocal microscopy. Sample fibrinolytic activities at varying
plasmin, plasminogen, and tissue plasminogen activator (tPA) concentrations were assessed in the
present study and results were compared to an S2251 chromogenic assay. The optimized
physiologically relevant clot substrate showed minimal reporter-conjugation impact with nearly
physiological clot properties. The assay demonstrated good reproducibility, wide working range,
kinetic read ability, low limit of detection, and the capability to distinguish fibrin binding-related
lytic performance. In combination with its ease for multiplexing, it also has applications as a
convenient platform for assessing patient fibrinolytic potential and screening thrombolytic drug

activities in personalized medical applications.
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4.2 Introduction

Impaired fibrinolysis has long been considered a risk factor for venous thromboembolism
(VTE). Although efforts have been made over the years, no existing fibrinolytic assessment assays
appears to genuinely aid in thrombosis diagnosis or offer a reliable testing platform for therapeutic
development.[8-10] In response to blood vessel injury, the human body initiates a hemostasis
process which is an innate series of actions ultimately resulting in clot formation. Fibrin is a protein
that is primarily responsible for clotting and degrades through a fibrinolysis process that following
hemostasis. A typical fibrinolysis process involves the activation of plasminogen by tissue
plasminogen activator (tPA) to produce plasmin, which is the enzyme that is responsible for fibrin
digestion. The five kringle domains present on the surface of plasmin bind to C (carboxy)-terminal
lysine residues on fibrin to facilitate local clot binding and subsequent digestion via its catalytic
domain. The fibrinolytic system is carefully regulated by inhibitors including type 1 plasminogen
activator inhibitor (PAI-1) which regulates tPA activity in addition to a2-antiplasmin and o2-
macroglobulin which regulate plasmin activity.[11-13] In acute thrombosis patients, thrombolytic
drugs known as recombinant plasminogen activators can be administered to accelerate plasmin
conversion and clot digestion to offer a fast relief from life-threatening clotting events such as
pulmonary embolism and ischemic stroke.[14-16] Despite the development of novel drug agents,
the clinical translation success rate remains very low in part due to a lack of representative drug
testing platforms. Due to the complexity of the fibrinolytic system, an ideal fibrinolytic testing
platform for diagnosis and drug development applications should use a standardized substrate and
be capable of dynamically monitoring the fibrinolytic process at a physiologically relevant scale
and offer reproducible and translatable results.

Numerous assays have been developed to meet this challenge, but all exhibit a variety of
benefits and drawbacks limiting their overall utility. Chromogenic or antigenic assays are
frequently used to measure individual clotting factor levels or activities. These assays, however;
do not directly yield clinically representative results as they are unable to assess processes that
involve native fibrinolytic events such as protein adsorption, multi-factor interactions, or plasmin-
fibrin binding. Assays such as euglobulin clot lysis time (ECLT) and dilute whole-blood clot lysis
time (DWBCLT), have been extensively used since the 1980s.[8, 17, 18] While these assays more
globally represent in-vivo clotting conditions they are inherently difficult to measure an accurate

plasma fibrinolytic activity as they either test only a small sub-fraction of plasma or ignore the
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presence of varying amounts of fibrinogen in the test system. More recently, a plasma clot lysis
assay was developed that tracks clot turbidity, an optical measure of bulk clot structure, over time.
It has rapidly gained popularity for use in clinical studies due to its ease of implementation.[19-
21] Using tissue factor and tPA-treated patient plasma, a change in clot turbidity is monitored
throughout the clot formation and lysis processes. However, this assay utilizes the patient’s own
plasma and results are often difficult to compare across samples due to variations from patient-to-
patient. For example, clot lysis time is influenced by fibrinogen levels due to its impact on fibrin
clot formation density and fiber thickness making interpretation of therapeutic effect by turbidity
difficult.[9] More importantly, the turbidity reading lacks microstructural or molecular
interpretation capabilities. Although a fibrin fiber mass-length ratio can be extracted from turbidity
measurements, the calculation relies on a number of assumptions that are sometimes difficult to
determine.[22] None of these assays allows for a physiologically relevant clot lysis determination
that provides results than can directly be compared across patients in the presence and absence of
a variety of therapeutic interventions.

Additional assays utilize exogenous fibrin as the substrate to assess fibrinolytic activity
with the ability to offer physiologically relevant microstructures including binding moieties,
cleavage sites and clot digestion depths. The fibrin plate method measures fibrinolytic potential by
quantifying the lysed area of preformed fibrin in a petri-dish following incubation with a drop of
patient plasma to its center. The assay is difficult to multiplex, and quantification methods require
standardization to allow for comparison across groups.[23] Radioactively or fluorescently labeled
fibrin clot lysis assays have also been developed to measure plasmin activity or plasma fibrinolytic
potential.[3, 4] These assays incorporate molecular reporters such as '?’I or fluorescein
isothiocyanate (FITC) labels in preformed fibrin clots to track clot digestion activity. Fibrinolysis
is monitored by tracking the reporter signal released into the clot supernatant during digestion. The
monitored fibrinolytic activity is independent of fibrinogen concentration in patient samples.[24]
A common setup of such assays requires the frequent transfer of clot supernatant to a clean well
for signal acquisition throughout the digestion process making these assays intensive and lacking
the ability for dynamic reads over time without disturbing the assay. This procedure largely
interferes with the ongoing fibrinolytic reaction, introducing artifacts and making it difficult for
multiplexing, standardization, and utilization under fast-responding clinical interventions. More

importantly, both isotopic iodine and FITC molecules conjugate fibrinogen none-specifically at
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primary amines of lysine residuals. These conjugations are irreversible and can negatively impact
the fibrin polymerization process resulting in disrupted fibrin structures.[25] When conjugations
block C-terminal lysine residuals, or alternate digestion sites on fibrin, fibrinolysis becomes less
representative as a constant exposure of these residuals is critical.[5, 6] Therefore, results of these
assays may not have good clinical relevance unless a characterization of reporter-labeled fibrin
clots is thoroughly addressed.

This study describes a highly reproducible in-vitro clot lysis assay that offers a
physiologically relevant assessment of sample fibrinolytic activity through a controlled fibrin
substrate and easily multiplexed design. The assay utilizes a FITC-labeled fibrin-based clot
forming at physiological fibrinogen and thrombin concentrations. The clot substrate was
engineered to be an annular shape and pre-formed in a 96-well plate with the help of a 3D-printed
molding insert. Specifically, the unique clot geometry provides for a clear light path for
fluorescence excitation and emission by taking advantage of the centrally located signal
acquisition mechanism of a commercial spectrometer (Figure 4.1). With the addition of
fibrinolytic sample solution to the center of the annular clot, increasing amounts of soluble
fluorescently tagged fibrin degradation products are released and measured dynamically over time.
These fragments disperse into the solution and fluorescence signal is monitored by the detector.
This setup enables a real-time measurement of clot lysis with no disturbance during the reading
process. To reduce FITC-fibrin(ogen) conjugation impact on clot formation/digestion and to
establish a physiologically relevant FITC labeled clot, clotting mixtures using different FITC per
fibrinogen and different ratios of FITC-fibrinogen to unmodified fibrinogen were explored.
Multiple tools were used to assess fibrin clot characteristics. Clot formation, bulk structure and
viscoelastic property were examined by clot turbidity and thromboelastography (TEG) assays. Clot
microstructure, including fiber thickness and pore size, was examined via scanning electron
microscopy (SEM). Fluorescence labeling homogeneity and signal density were compared via
confocal microscopy. This information was combined to guide an optimized FITC labeling
strategy in fibrin to achieve a physiologically relevant FITC labeled fibrin clot that is structurally
indistinct from an unmodified in-vitro statically formed fibrin clot. The FITC-fibrin clots were
further tested for fibrinolysis using samples that contain plasmin, or a mixture of exogenous tPA
and plasminogen, to demonstrate the assay’s capacity of differentiating sample fibrinolytic

potential or examining drug dose-response.
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Figure 4.1. (A) The schematic of the 3D molding 3 X 2 insert and the printed product. (B) The
schematic of annular clot formation in the well and the actual annular clot prepared by the 3 X 2
insert in the 96-well plate (C) Side and top views of the setup in the well.

4.3 Materials and Methods
4.3.1 FITC-Fibrinogen Conjugation

Human fibrinogen and thrombin lyophilized powder (Sigma Aldrich, St. Louis, MO) were
reconstituted in phosphate buffer saline (PBS) and deionized water (DI), respectively. FITC
(Sigma Aldrich, St. Louis, MO) was reconstituted in PBS with 10% dimethyl sulfoxide (DMSO)
to improve solubility. FITC labeled human fibrinogen (FhF) is made by mixing 200-fold excess
FITC to fibrinogen at room temperature (RT) in PBS for 10, 120 minutes, and overnight to attain
three different FITC per fibrinogen labeling levels (<8% DMSO in reaction solution) (Figure
4.2A). Following conjugation, tagged fibrinogen was purified from unreacted FITC using serial

dilutions in 4mL 100 kDa molecular weight cutoff centrifugal filters following manufacturer
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recommendations (Amicon®, Millipore, Burlington, MA). An example of such purification setting
is by running the 4 mL cutoff tubes at 4000 rcf in a swing bucket for 30 min on a Legend XTR
centrifuge (Thermo Scientific, Waltham, MA). Depending on the concentration of the protein, a

total of 6 or more runs should be expected (Figure 4.2B).
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isothiocyanate O O
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= |7
/
4
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Reaction at RT to remove free FITC stores at -20 °C

Figure 4.2. (A) Comparison of relative size of FITC and fibrinogen molecule (B) FITC-
Fibrinogen conjugation reaction and standard procedure for ultra-filtration.

The number of FITC per fibrinogen were determined to be 3, 7, and 12- FITC per human
fibrinogen comparing 280 and 494 nm absorptivity via a spectrometer (Molecular Device®
SpectraMax M5, San Jose, CA), calculated through Beer’s law and molar extinction coefficients,
€=1513,400 L mol"! cm™ (at 280 nm) for fibrinogen and ¢ = 75,855 L mol! cm™! (at 494 nm) for
FITC. FITC absorbance contribution at 280 nm was subtracted. FhFs were aliquoted and stored at
-20 °C and thawed directly before experiments. These FhF products were experimentally found to
be active for clot formation and stable with no change in absorbance (280 nm and 494 nm) or
fluorescence intensity for four consecutive freeze-thaw cycles and over a period of four weeks of

storage (Figure 4.3).
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Figure 4.3. 12FITC-Fibrinogen (FhF) molecular and fluorescent stability after 4 freeze-thaw
cycles. Three tubes of product were examined at (A, B, C) absorbance 280nm and 494 nm of
stock aliquots at 20-fold dilution, (D, E, F) fluorescence endpoint Ex 495nm and Em 519 nm of
stock aliquots at 400-fold dilution, and (G, H, I) additional fluorescent emission spectrum (Ex
495 nm, Em 450 - 650 nm, 400-fold dilution). No significant difference was found for product
absorbance after 3 cycles (n=3, p_280 nm=0.1089, p 494nm=0.0897) and no significant
difference were observed for emission spectrum as well as fluorescence endpoint after 4 cycles
(n=3, p=0.2312). In addition, FhF aliquots were examined over storage time using the same
metric. Both (J) absorbance spectrum and (K) fluorescence (Ex 495 nm, Em 450 - 650 nm, 400-
fold dilution) showed consistent values over 31 days. This result indicates fluorescence intensity
of FITC-Fbg product is stable after vigorous freeze-thaw cycles and storage.
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Importantly, DMSO percentage as well as its adding sequence largely affects the solubility
of FITC and FhFs. In most experiments performed in our lab, FITC and fibrinogen were reacted
at 7.2% DMSO with a reaction yield of 50% after recovery. By tunning the DMSO down to 4%,
the yield went above 90% (the overnight incubation for making 14FhF). The listed experimental
procedures should be followed as a guide to achieve good solubility and high yield of the
conjugated product: 1) Dissolve 4 mg of FITC in 400 uL DMSO and transferred into 3600 pL
PBS to obtain FITC 10% DMSO stock solution. 2) Dissolve 20 mg human fibrinogen aliquot in
610 uL PBS to obtain fibrinogen stock solution. 3) Determine FITC and fibrinogen stock solutions
concentrations at 200-fold and 20-fold, respectively. 4) Mix FITC and fibrinogen at a molar ratio
0f 200:1 and add more PBS to dilute DMSO to 4% when necessary.

4.3.2 Clotting Solution Preparation

Unmodified fibrinogen was mixed with 3, 7, 12-FhF at fibrinogen to FhF ratios of 1:0
(unmodified fibrinogen control), 5:1, 10:1, 30:1, 50:1, and 0:1 (neat FhF). All fibrin clots were

formed at a final concentration of 3 mg/mL fibrinogen and 1U/mL thrombin in PBS.

4.3.3 FITC-Fibrin Turbidity and TEG Assays

Clot characterization via clot turbidity and TEG assays were described previously.[26, 27]
Clot turbidity assays were initiated by mixing thrombin with fibrinogen in a 96-well plate
(Corning®, Corning, NY) and monitored at 550 nm absorbance for 30 min via a spectrometer.
Turb™* (maximum turbidity) was derived from the turbidity tracing curve. TEG assays were
initiated by mixing thrombin with fibrinogen in a clear TEG cup and monitored for 30 min in a
TEG 5000 Analyzer (Haemonetics®, Braintree, MA). TEGM® (maximum amplitude or MA) was
derived by the TEG software (Haemonetics®, Braintree, MA).

4.3.4 Scanning Electron Microscopy

Fibrin clots (80 pL) were fixed by 2.5% glutaraldehyde (Electron Microscopy Sciences
Supplier, Hatfield, PA) in PBS solution overnight and washed with DI water five times. Clot
samples were then fully dehydrated via overnight lyophilization (FreezeZone 2.5, Labconco). It is

important to note that the fibrin dehydration process was critical to preserve its micro-morphology
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under SEM since clots formed in this study were at a concentration of only 0.3% (w/v). Additional
dehydration methods were also assessed (Figure A.12). Dehydrated samples were further sputter
coated with gold (Denton Vacuum Desktop V) for 30 seconds at 3*10* Torr to obtain a ~ 10 nm
gold coating for SEM. Fibrin micro-structural images were taken using a field emission scanning
electron microscopy (JSM-7800F, JEOL) at an acceleration voltage of 5 kV. Fiber diameters, pore

size, pore counts, and total pore area were quantified using an open-source Image J software.

4.3.5 Confocal Microscopy

Selected fibrin clots were prepared in a 35 mm glass-bottom dish (MaTek Corporation)
microscope dish at a volume of 40 puL. Images were acquired using LSM 800 confocal microscope
(Zeiss, Germany) equipped with a C-Apochromat 40X/1.20W Korr objective. FITC was excited
at 488 nm and collected at 519 nm (maximum emission). Confocal fluorescence images were

analyzed using Image J.

4.3.6 Fibrin Clot Stability After Storage

FITC-Fibrin clots and unmodified fibrin clots were formed in a 96-well plate at 150 puL
and stored at RT and 4 °C for comparison. Longitudinal fibrin clot stability was tested by tracking

turbidity at 550 nm over 56 days.

4.3.7 Annular Clot Fabrication

The annular clot molding insert was designed and drafted using an open-source CAD
software based on dimensions of a UV transparent 96-well plate (Corning® 3635). The insert was
3D printed at the IU Health 3D Innovations Lab using a Stratsys® Connex 3 printer (Figure 4.1A)
providing for high precision with a build layer as fine as 16 um. The body of the insert used an
acrylic-based material (VeroClear® RGDS810) to ensure a smooth surface. The elastomeric end
cap (TangoPlus® FLX930) was later cured at the end of the insert to prevent unwanted clot
formation in the light path at the base of the well. Annular clots were formed by directly adding
clotting solution to the plate at 80 uL and immediately placing the DI water rinsed 3D printed

insert into the well. The insert was gently pressed during the first 2 min to ensure a good bottom
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seal. After 30 min clotting at RT the insert was carefully removed, and the annular clots were

gently washed with 0.01 M PBS twice and stored in 120 uL PBS before use.

4.3.8 Dose Response Experiment

Lyophilized plasmin, plasminogen (Athens Biotech, Athens, GA) and tPA (Alteplase®
Genentech, San Francisco, CA) were reconstituted in DI water. Sample solutions were made by
diluting stock to targeted concentrations with PBS. Plasmin dose-response experiments were
conducted at 0.01 to 1.5 U/mL unless otherwise specified. For experiments with varying
plasminogen and fixed tPA level (500 ng/mL), 0 to 87.2 pg/mL plasminogen were examined. For
experiments with varying tPA and fixed plasminogen level (58.1 ug/mL), 0 to 1000 ng/mL tPA

were examined.

4.3.9 Annular Clot Lysis Assay

In all experiments, 120 uLL sample solution was well mixed and added to the center of the
annular clot to initiate clot lysis. Fluorescence (Ext 495, Em 519) was monitored for 60 min at a
30 sec interval without pre- or post- shaking. All clot lysis experiments were performed at 37 °C
in triplicate. The Limit of Detection (LoD) is defined as the lowest analyte concentration reliably
distinguished from the blank. Thus, LoDs of annular clot lysis assay were determined based on the
measured Limit of Blank (LoB) and the lowest concentration of plasmin that has a significantly
different fluorescence release rate compared to the blank. Analytical sensitivity was determined

by the slope of a linear fitted line at lower plasmin concentrations (<0.05 U/mL).[28]

4.3.10 S2251 Chromogenic Assay

S2251 assays were performed in non-binding 96-well plates (Corning® 3641). Sample
solutions were pipetted into the well containing 500 uM S2251 chromogenic substrate (Diapharma,
West Chester, OH) at a final volume of 100 pL. p-Nitroaniline (pNA) absorbance (405 nm) was
monitored for 10 min at a 30 sec interval. All experiments were performed at 37 °C with
experimental groups in triplicates. VO (Initial velocity) was derived using the initial linear region

of the absorbance tracing curve.
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4.3.11 Statistical Analysis

All results were reported as mean + standard deviation. Two tailed student t-tests were
performed, and significant statistical differences were reported at P values < 0.05. P values lower
than 0.01 and 0.001 were also indicated as appropriate in plots and tables. Linear regressions were
fitted in some plots and corresponding R? values were reported. The detailed protocols were

specified in corresponding figure legends.

4.4 Results and Discussion
4.4.1 Effect of Fibrinogen Tagging on Clot Formation

The clinical relevance of an in-vitro fibrin clot lysis assay relies on a representative clot
substrate that has non-disrupted physical and biological properties. Since the FITC-fibrinogen
conjugation is mediated through a covalent bond, it is necessary to examine the fibrinogen tagging
effect on clot properties. In this study, FITC labeled human fibrinogen (FhF) was made by
incubating human fibrinogen with FITC at a 200-fold excess. Although a single fibrinogen
molecule has around 200 lysine residues, we can only achieve a maximum of 16 FITC per
fibrinogen. FITC conjugation sites on fibrinogen were also identified and detailed (Figure A.13
and A.14). By increasing the incubation time from 10 min to 2 hours to overnight, 3, 7, and 12-
FITC per fibrinogen were fabricated and these numbers were determined via spectrometer using
494 nm to 280 nm absorbance conversion derived from the FITC absorbance spectrum. To assess
the effects of fibrinogen tagging on fibrin clot formation, FhF were mixed with unmodified
fibrinogen prior to thrombin initiated fibrin formation. Bulk clot strength and fibrin fiber packing
were examined by TEG and turbidity assays. Turbidity and amplitude were tracked over time for
clots formed at increasing levels of FITC-fibrinogen (Figure 4.4C and 4.4D). Turb™* and TEGM#~
were obtained for analysis and data were normalized to that of unmodified human fibrinogen to
eliminate batch-to-batch variation (= 9% for Turb™* and + 5% for TEGM®) and allow for direct
comparisons of percent change across samples. All tested sample turbidities were within the
detection limit of the spectrometer and were baseline-subtracted before data normalization. FITC
absorbance at 550 nm at the concentrations used in this study are negligible. As was expected,
FITC-fibrin(ogen) conjugation rendered a significant impact to both clot strength and macroscopic

clot structure as determined by turbidity. Overall, increasing FhF levels (FhF to fibrinogen ratio)
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in the clot contributed to higher Turb™* (maximum turbidity) and lower TEGM* (clot strength)
which was consistently observed in all three groups (3, 7 and 12-FhF) (Figure 4.4E and 4.4F).

Specifically, neat 3, 7 and 12-FhF clot samples showed 45, 74 and 92% reduction in clot
strength and 35, 65, and 69% increase in clot turbidity compared to unmodified fibrinogen,
respectively. 12-FhF showed very low TEGM* and high Turb™® amidst all neat samples indicating
a larger disruption of fibrin polymerization due to an increase of FITC-conjugations per fibrinogen.
At lower FhF ratios, clot strength and clot turbidity values leveled off and matched values of the
unmodified fibrinogen sample. The inverse tracking of clot strength and clot turbidity at increased
FhF ratios in fibrin resembled what was observed in experiments on varying multiple other clotting
variables published previously.[26] Importantly, this combination of high turbidity and low clot
strength at a constant fibrinogen level demonstrates formation of thick fibers and a loose fibrous
fibrin network. Time to maximum clot strength was also determined to assess the impact of
fibrinogen tagging on the dynamic process of clotting (Figure 4.4G and 4.4H). Under both assays,
most samples showed a similar time to maximum clot formation with a difference less than 20%
indicating similar clotting performance across groups. However, neat 12-FhF sample showed three
times longer time to achieve maximum clot strength compared to all other samples due to its slow
clotting progression and low ultimate clot strength.

From this analysis, physiologically relevant fibrin clotting mixtures for each of the
modified fibrinogen levels were determined through matching clot properties of a sample to that
of the unmodified fibrin clot. Therefore, 7FhF (30:1) and 12FhF (50:1) groups were determined to
be physiologically relevant as their Turb™> and TEGM# showed no statistical difference (P < 0.05)
above 30:1 and 50:1, respectively. 3FhF (10:1) was also selected as a physiologically relevant

mixture as TEGM?* showed no statistical difference while Turb™®* showed less than 10% difference.
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Figure 4.4. (A) Representative FITC conjugation sites on fibrinogen crystal structure displaying

widespread FITC labels across the surface of fibrinogen. (B) Forming FITC labeled fibrin clot

using thrombin-cleaved unmodified fibrinogen and FITC-fibrinogen mixture. Representative
tracing curves of (C) turbidity assay and (D) TEG assay for varying 12FITC labeled human

fibrinogen (FhF) levels in 12FITC-fibrin clot. (E) Turb™>*, (F) TEGM® (Maximum amplitude),
(G) Turb™™¢ and (H) TEG"™ of 3, 7 and 12- FITC-fibrin clots at different FhF levels were
compared. Data were normalized by values of human fibrinogen control groups. * denotes

significant differences (P value < 0.05) between FhF groups and hFbg ctrl group.
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4.4.2 Fibrin clot Morphology via SEM

To directly assess clot morphology at varying ratios of tagged and untagged fibrinogen,
SEM was carried out on an array of fibrin clot mixtures. These clots include neat FhF, unmodified
fibrin clots, and three physiologically relevant FhF clot samples--3FhF (10:1), 7FhF (30:1) and
12FhF (50:1). Clots were formed, crosslinked, lyophilized and gold coated prior to SEM analysis.
Clot microstructures were compared at 4,000X and 35,000X magnifications (Figure 4.5A and
4.5B). Neat FhF clot samples exhibited scale-like patterns and fused fibrin fiber morphology.
These clots were further categorized as having larger fiber diameter, smaller pore size and smaller
total pore area percentage compared to the other groups (Figure 4.5C). A quantitative analysis
was conducted using Image J. Pore size and total pore area were measured using a thresholding
method where the same threshold level was applied across all the samples throughout the analysis.
Based on the quantitative results, the neat 12FhF clot sample showed the most unique and
dissimilar SEM morphology, i.e., thickest fiber and lowest pore area. These direct morphological
measurements are consistent with the bulk clot structure as assessed by clot turbidity. The
physiologically relevant clot groups showed much cleaner fibrin morphology more similar to that
of neat unmodified fibrinogen clots.

Despite having similar TEG and turbidity values as unmodified fibrinogen, not all
physiologically relevant groups exhibited a native fibrin structure under SEM. 3FhF (10:1) and
7FhF (30:1) clots showed similar fiber diameters compared to unmodified fibrin clots but both
groups were found to have significantly smaller pore size and a moderate level of fused fibrin fiber
morphology. Only the 12FhF (50:1) sample showed minimal differences, both qualitatively and
through defined characteristics, compared to the unmodified fibrin control. This suggests that the
ratio of fibrinogen to FhF rather than the amount of FITC per fibrinogen exerts a larger ultimate
impact on fibrin structure upon clotting. To further explore this, the effect of fibrinogen to FhF
ratio on clot micro-morphology was further examined under SEM. In this experiment, clots were
formed by decreasing 12FhF ratios (fibrinogen to FhF = 0:1, 10:1, 30:1, 50:1, 1:0) in the fibrin
(Figure 4.6 and Table 4.1). Results showed that the presence of more FhF contributed to clots
with significantly larger fiber diameters, reduced pore size and total pore area. This confirmed that
increasing FITC-fibrin(ogen) levels in fibrin clots disrupt clot properties resulting in less

physiologically relevant fibrin clots. In summary, the clotting solution that mixes unmodified
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fibrinogen with 12 FITC per human fibrinogen at 50:1 ratio produces the most physiologically

relevant fibrin clot as determined by TEG, Turbidity, and SEM.
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unmodified fibrinogen mixed 3, 7, 12- FITC-Fibrinogen at (A) 4,000X and (B) 35,000X. Scale
bars were shown as 5 um and 500 nm, respectively. Average fiber diameter (nm), average pore

size (um?) and total pore area (%) were reported as bar plots and data were compared with

unmodified fibrin controls using *, ** and *** denoting p values < 0.05, 0.001, and 0.0001.
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Figure 4.6. Representative SEM images of varying 12 FhF in fibrin. 4,000X (first row) and
35,000X (second row). Scale bars shown as 1 um (first row) and 100 nm (second row).

Table 4.1. Total pore area and fiber diameter of clot at different fibrinogen to 12FhF ratios

Clot formula Neat 12FhF 12FhF R5 12FhF R10 12FhF R30 12FhF R50 Fibrinogen

F‘ber(r‘f;z;neter #%165+ 115 #¥%]53 + 83 *%]57 + 114 *125 +79 111+78 105 + 59
Pore size #4505+ 0.8 #4%0.9 + 1.6 wx] [ £2.] *1.3£3.0 16234 17433
)

Total pore area ***¥5.7% £2.7% *24.5% £ 7.5% **28.0% = 1.7% 39.2% +6.3% 39.3% +09%  40.4% +4.5%

Note: P values of groups comparing to the fibrinogen control group were determined by two-tailed unpaired
t test, *** denotes P value <0.0001, ** denotes P value <0.001, * denotes P value <0.05.

4.4.3 Tagging Consistency via Confocal Microscopy

Homogeneity of FITC incorporated into the final fibrin clot structure is critical to ensure
that release of FITC during clot digestion is consistent throughout the entirety of the clot digestion
process. To assess FITC labeling homogeneity, z-stack confocal images of neat and
physiologically relevant 3, 7, 12FhF formed fibrin samples were taken at three different locations
with five slices at an interval of 10 pm. Three slices at locations that are 30 um below the surface
were used for comparison and quantitative analysis. Neat FhF clot samples exhibit bright images
with significant fluorescent aggregates at higher FITC per fibrinogen whereas the three
physiologically relevant FhF clots showed homogeneous FITC labeling throughout their fibrin
structures (Figure 4.7A and 4.7C). Unmodified fibrin clots could not be imaged utilizing this

technique as they did not exhibit endogenous fluorescence in the absence of FITC tagging.
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Figure 4.7. Representative confocal microscope images (40X objective with 1.5X digital zoom,
excitation energy at 1%) of clots formed by (A) neat 3, 7, 12 - FhF, and (B) 3FhF (10:1), 7FhF
(30:1) and 12FhF (50:1). Fluorescence intensity distribution were shown for physiologically
relevant FhF clots. Integrated density was shown for (C) neat FhF and (D) physiologically
relevant clots in bar plots with brackets denoting pairs of groups that exhibit significant
differences (P < 0.05). Image brightness of 12FhF (50:1) clots were adjusted to enhance structure
visualization. Scale bar =20 pum.

Neat and physiologically relevant FhF clot samples were excited at 0.2% and 1% energy
levels to avoid signal underexposure or saturation, respectively. Images were taken immediately
after excitation to avoid photobleaching over time. Integrated intensities were reported in
fluorescence units (RFU, or arbitrary units) per pum2 by averaging multiple images at different
depths for each sample in bar plots (Figure 4.7B and 4.7D). It was not surprising that neat FhF
clots showed higher integrated intensity at increased FITC per fibrinogen. However, the value of
the neat 12FhF sample is only 1.5 times as that of the neat 3FhF sample while the FITC
concentration ratio of these two samples is 4 times higher. This represents a reduction in intensity

per FITC of 62% indicative of local fluorescence quenching due to increasing FITC proximity on
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fibrinogen which has been reported previously.[3, 29] Comparing 12FhF (50:1) to 3FhF (10:1)
samples, integrated intensity ratios and FITC concentration ratios were also mismatched
contributing to a 64% reduction of integrated intensity per FITC in the former group. 7FhF neat
and 7FhF (30:1) samples also showed 39.6% and 42.7% reductions in integrated intensity per FITC
compared to 3FhF neat and physiologically relevant samples, respectively. Since similar levels of
reduction in integrated intensity per FITC were observed for neat and physiological relevant
samples, fluorescence quenching was dominated by intra-fibrinogen quenching effects rather than
inter-fibrinogen quenching. This quenching effect is largely due to the use of FITC as a fluorescent
probe and can be mitigated by selecting a probe that is less prone to self-quenching.

The labeling homogeneity was quantitatively assessed by looking at the integrated intensity
fluctuation across a set of five image locations. All neat FhF samples showed > 20% fluctuation
in fluorescence intensity with obvious fluorescence aggregation while physiologically relevant
FhF samples exhibit less than 10% variation. This confirmed that physiologically relevant FhF
samples have a more consistent labeling homogeneity throughout the clot. Additionally, the
unlabeled area between the fluorescently labeled fibers were also quantified using a thresholding
method in Image J. The unlabeled area is a function of both empty space in the clot, and fluorescent
labeling density. While the physiologically relevant clot samples shared similar clot structure
under SEM, the 3FhF (10:1) showed 63.0% =+ 1.1% unlabeled area which is significantly lower
than 76.2% + 6.7% (P < 0.001) for 7FhF (30:1) and 80.9% + 7.2% (P < 0.001) for 12FhF (50:1).
This result was expected due to physiologically relevant 3FhF clot sample having the highest
labeling ratio of 10:1, representing the most total FITC in the clot of any of the physiological ratios.
Based on clot characterization results from clot turbidity, TEG, and SEM, 12FhF (50:1) showed
the best match to unmodified fibrin. Although its fluorescence labeling signal intensity was not
the highest via confocal microscopy among all three physiological relevant formula, the 12FhF
(50:1) clotting mixture demonstrates good labeling homogeneity which potentiates a uniform
tracking of fluorescence signal during subsequent clot lysis experiments in the annular clot

digestion assay.

4.4.4 Annular Clot Formation

Fluorescently labeled fibrin digestion cannot be monitored directly through the labeled clot

substrate to track clot digestion due to the saturating level of fluorescent tag present in the
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excitation path. A common solution to this saturation problem is to allow digestion to proceed for
a short period of time before removing, or sampling, the digestion supernatant to take static reads
throughout the digestion process. This procedure prevents real-time clot digestion tracking and
removing of clot supernatant disrupts the clot digestion process negatively impacting assay
reproducibility and limiting the capability to multiplex the assay.

The annular clot geometry described herein is a simple and unique solution to the problem
of real-time clot lysis monitoring. Through utilizing commonly available 3D printing technology,
a small plastic insert can be fabricated for use in a 96-well plate assay format (Figure 4.1). This
design not only enables real-time signal tracking through measuring soluble digestion fragments
that enter the vacant interior of the annular clot, but it also increases assay-multiplexing potential
and largely eliminates experimental artifacts commonly associated with repeat sampling type
assays. As determined from the characterization experiments in the previous sections, the 12FhF
(fibrinogen to FhF=50:1) was selected as the clotting mixture to form the physiologically relevant
FITC-fibrin clots. The annular clots were made by placing the insert into the clotting mixture
directly following clot initiation through mixing thrombin with neat or physiologically relevant
12FhF solutions. Following 30 minutes the molding insert can be removed and due to the smooth
walls of the insert no visible interruption to the annular clot surfaces can be seen following removal.
The inserts can be reused indefinitely. The annular clot showed an average volume of 60.5 = 0.8
puL and an averaged background value of 798 £ 319 RFU (n = 114). With the addition of PBS into
the center of the annular clot, no degradation of fibrin was observed throughout the duration of the
experiments as determined by monitoring absorbance at 280 nm. Overall, the described annular
clot method is a highly reproducible elegant solution to a common problem with far reaching
potential to have an impact in the field of drug development and as a diagnostic tool in the areas

of coagulation and fibrinolysis.

4.4.5 Effects of Fibrinogen Tagging on Plasmin Clot Digestion

Plasminogen is the protease present in the blood plasma primarily responsible for
fibrinolysis following activation into its active plasmin form. Its activity directly contributes to the
fibrinolytic potential of a plasma sample. Maximal inducible plasmin activity in plasma is about 1
U/mL following full activation of endogenous plasminogen and exhaustion of plasmin

inhibitors.[30] To examine the fibrinogen tagging effect on fluorescently labeled fibrin clot
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digestion, increasing amounts of active plasmin were tested comparing S2251 chromogenic
substrate to neat 12FhF and 12FhF (50:1) annular clots. In the S2251 assay, the plasmin dose-
response result was reported by plotting the initial velocity VO (Abs/min) over plasmin
concentrations (Figure 4.8A). A linear relationship was observed between VO and plasmin
concentration. At plasmin levels above 1 U/mL the substrate digestion rate occurs too rapidly to
get an accurate initial velocity by the spectrometer. In all, the S2251 assay showed good linearity
with increasing plasmin levels from 0.01 to 1 U/mL.

Unlike digesting evenly mixed, small soluble peptide substrates like S2251, plasmin
digestion of thick and insoluble physiologically relevant fibrin, such as is present in the annular
clot format, involves solid-liquid phase interactions and molecular transport. Initial velocity
measurements that are commonly utilized for monitoring chromogenic assays need to be modified
when applied to the annular fibrin clot lysis assay. Contrary to initial linear signal tracing
monitored for S2251 digestion, annular clot lysis assays demonstrate an initial lag phase followed
by a linear phase and an ultimate plateau phase (Figure 4.9A). The lag phase is associated with
plasmin diffusion due to the static nature of the assay and the discrete liquid-solid separation. The
diffusion of plasmin is not solely based on its relative hydrodynamic size compared to the fibrin
pore size but rather it is also dependent on plasmin-fibrin binding which is achieved through
binding of plasmin’s kringle domains to fibrin.[31] Recent in-vitro experiments have confirmed
that diffusion of plasmin(ogen) is restricted within a thin fibrin layer (5-8 um) due to fibrin
bindings.[32] A potential co-contributor to the lag phase is the gradual exposure of more binding
sites, i.e., C-terminal lysine residues, by plasmin accumulation to the digestion front.[33] The
exposing rate can be easily affected by protease concentration and the presence of protease
inhibitors. In the annular clot lysis assay, the lag phase is useful to examine the initial interactions
of the protease and fibrin. Taking this into account a new digestion parameter was developed,
FLU200, defined as the time it takes to digest enough FhF to reach 200 fluorescence units. At
increasing plasmin levels, FLU200 times showed a decreasing trend (Figure 4.9B). In the linear
phase where fibrin binding moieties are relatively abundant, digestion rate better reflects the
maximal fibrinolytic activity of the sample. Therefore, Vrr (fluorescence release rate, RFU/min)
was derived by taking the maximum velocity (10 min period) to represent clot digestion rate in
this assay. Fluorescence signal was tracked over time at a 30 second interval exhibiting an overall

faster fluorescence release at a higher plasmin concentration. At lower plasmin concentrations (<1
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U/mL plasmin), although lag and linear phases can hardly be distinguished since C-terminal lysine
residuals are constantly larger than plasmin amount, digestion rates were still determined at the
fastest 10-min linear period. The coefficients of variance were 9.4% for Vrr and 10.6% for
FLU200 of physiologically relevant 12FhF annular clot digested by 1 U/mL plasmin through
experiments performed two weeks apart. Despite the relatively small coefficient of variance for
Vrr and FLU200, a standard plasmin calibration curve is recommended prior to testing samples to
mitigate clot formation variations.

Neat and physiologically relevant 12FhF mixtures were compared in the annular clot lysis
assay to determine the fibrinogen tagging effects on fibrinolysis. Overall, both annular clot lysis
assays showed that Vgr increased and leveled off at higher plasmin concentrations, which agreed
with clot digestion at increased plasmin as previously described by the fibrin plate method.[34] To
derive simple calibration equations to determine plasmin activity in unknown samples, the Vir
and plasmin concentrations were plotted in a double-logarithmic scale (Figure 4.8B). Data points
of both groups showed good linear regressions with R? > 0.95. Neat and physiologically relevant
12FhF groups shared similar slopes indicating a comparable dose-response performance across
tested plasmin concentrations. The analytical sensitivity of the neat 12FhF substrate is 19 times
higher than its physiologically relevant counterpart (Figure 4.8C). Its LoD was also slightly lower
giving a 0.0015 U/mL comparing to 0.0069 U/mL for the physiologically relevant 12FhF clot. The
digestion performance of both substrates was further compared using equivalent fibrin degradation
rates (Vrpr). Vepr of physiologically relevant and neat 12FhF were normalized to absolute FITC
quantity by multiplying their Ver values by 50 and 1, respectively. It was anticipated that neat FhF
clots would have larger Vrpr at these plasmin concentrations since fibrin composed of thick and
loose fibers usually exhibit faster clot digestion. Contrary to this prediction, Vrpr of
physiologically relevant 12FhF clots were 16 to 22 times faster than those of neat 12FhF clots at
the tested plasmin concentrations (Figure 4.8D). The increased FhF levels impaired fibrinolysis
to a large extent. In all, despite the higher levels of signal associated with the neat 12FhF, its
digestion was considerably slower than the physiologically relevant 12FhF clots. This reduced
digestion rate can be attributed to the tagged fibrin impairing plasmin’s ability to bind and facilitate
fibrin digestion. For applications in which the highest clot digestion signal is necessary, the neat
12FhF can be utilized. For applications requiring a physiologically relevant clot substrate,

preparing a 12FhF (50:1) mixture is necessary.

93



>
w

15 - 4 1

@Neat 12FhF y = 0.3445x + 2.2157
APR 12FhF R?=0.9577

_5-9
3 & _--"¢ 4

y =1.1272x + 0.0336
R? = 0.9922 /4}

e~ y =0.3528x + 0.9183

>
05 4 - 2 4 R2 = 0.9551

~K
U ¥
i ] ’;/’

$2251 VO (Abs/min)
\

Log (Vgr in RFU/min)
\
\

0 0.25 0.5 0.75 1 1.25 0 1 2 3
[Plasmin] U/mL Log ([plasmin] in mU/mL)

@

@Neat 12FhF D ®Neat 12FhF
APR 12FhF DOPR 12FhF

1000 - 6000 - M

y = 11927x + 186.51 N
R? = 0.9855 4800 +
_
-~ d
_
_

~

a

o
1

Ver (RFUIMin)
(42
o
o
\
\
Vepr (RFU/min)
w
(2]
o
o
]

2400 - m

250 { e~ y = 630.24x + 7.7047

1200 -
. R?=0.9861 ]

0 0.02 0.04 0.06 0005 001 005 01 05 1 15
[Plasmin] U/mL [Plasmin] U/mL

Figure 4.8. Plasmin dose-response curve by (A) initial velocity (Vo) in S2251 assay and (B)
fluorescence release rate (Vrr) in neat and physiologically relevant (PR)- 12FhF annular clot
lysis assay where data were shown at the double-logarithmic scale. (C) Analytical sensitivity
determination curves of annular clot lysis assay by plotting data points below 0.05 U/mL
plasmin. Analytical sensitivity of neat 12FhF and PR12FhF annular clots were 11927 and 630.
(D) Fibrin degradation rate (Vrpr) at increasing [plasmin]. Vrpr of PR- and neat 12FhF were
converted via multiplying their fluorescence release rates (RFU/min) by 50/12 and 1/12,
respectively. All fluorescence tracing curves were shown in Figure A.15 and A.16.
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Figure 4.9. (A) Representative fluorescence release tracing curves of physiologically relevant
(PR)-12FhF at varying [plasmin] and the derivation of FLU200 for PR-12FhF at 1.5 U/mL. (B)
FLU200 for PR-12FhF over varying [plasmin]. Brackets denoting pairs of groups that exhibit
significant differences (P < 0.05).

4.4.6 Varying Plasminogen and tPA levels on Annular Clot Digestion

In plasma, tPA cleaves plasminogen into plasmin to initiate fibrinolysis. The baseline
concentration of plasma tPA is less than 10 ng/mL for healthy individuals.[35] A typical
thrombolytic therapy for a pulmonary embolism patient is a regimen of 100 mg Alteplase over 2
hours of intravenous infusion.[36] The catalytic efficiency of plasminogen activation by tPA has
been reported to be orders of magnitude higher in the presence of fibrin than in its absence. The
S2251 assay has commonly been used to assess urokinase and streptokinase-initiated plasminogen
activation but lacks the ability to examine plasminogen activation by tPA due to the absence of
fibrin in the assay. To demonstrate a benefit of using the annular clot lysis assay over this
chromogenic substrate, digestion solutions made by combining tPA and plasminogen were tested
in the physiologically relevant 12FhF annular clot and S2251 assay. Varying plasminogen at fixed
tPA and varying tPA at fixed plasminogen dose-response experiments were performed. VO (in
S2251) and Vrr (in annular clot lysis assay) over component concentration were plotted using the
primary axis. Equivalent plasmin activities were computed using equations derived from plasmin
dose-response plots and were reported in U/mL in plots on the secondary axis (Figure 4.10A,
4.10B, 4.10C and 4.10D). At increasing plasminogen levels and a fixed 500 ng/mL tPA, S2251
assay reached its detection limit at ~29 pg/mL plasminogen. Conversely, Vir from the annular

clot lysis assay showed a clear increasing trend leveling-off at concentrations above 58.1 ug/mL.
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This indicates that the annular clot lysis assay is a more sensitive candidate to determine

plasminogen activity in plasma in the presence of endogenous or exogenous tPA.
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Figure 4.10. Digestion rates (primary axis, Abs/min or RFU/min) and plasmin activity
(secondary axis, U/mL) by (A) fixed tPA and varying PLG in S2251 assay, (B) fixed tPA and
varying PLG in PR-12FhF annular clot lysis assay (C) fixed PLG and varying tPA in S2251
assay and (D) fixed PLG and varying tPA in PR-12 FhF annular clot lysis assay. FLU200 by PR-
12FhF were shown in bar plots at (E) varying PLG and (F) varying tPA experiments with
brackets denoting pairs that have significant differences. Plasmin activities were converted by
plugging the digestion rate values in linear regression equations derived in Figure 4.8. Plasmin
activities were of two orders of magnitude faster in annular clot lysis assay compared to S2251
assay. Fluorescence tracing curves were shown in Figure A.17 and A.18.
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At increased tPA levels and a fixed 58.1 pg/mL plasminogen, both VO and Vrr increased
and showed a tendency to level off at higher tPA concentrations. Plasmin activities were compared
across and within assays. As expected, in the absence of fibrin, the S2251 assay showed extremely
low plasmin activity values converted using the standard curve and the equation derived in the
plasmin dose-response experiment. The annular clot lysis assay showed two orders of magnitude
larger (P < 0.05) plasmin activity values than those of S2251 at all tested groups for both varying
tPA and varying plasminogen experiments. Within the annular clot lysis assay, plasmin activities
showed significant differences across all groups (P < 0.05) when varying tPA. In experiments
varying plasminogen, all groups showed significantly different plasmin activities compared to 2.9
pg/mL (P < 0.05) and all groups except 29.1 ug/mL showed significant differences compared to
5.8 ug/mL (P < 0.05). These results confirmed that the annular clot lysis assay could differentiate
digestion rate or plasmin activities at a wide range of plasminogen or tPA levels. Overall, FLU200
decreased and leveled off at higher plasminogen or tPA levels (Figure 4.10E and 4.10F).
Importantly, the FLU200 of groups in these experiments were almost 3 times longer than groups
with an equivalent Vrr in the plasmin dose-response experiment (P < 0.05). The extended lag
phases in these samples were expected since the activation of plasminogen by tPA and the
molecular interaction involving fibrin binding can contribute to elongated activation time prior
digestion. These findings also demonstrated the capability of the annular clot lysis assay at picking
up interplays between different fibrinolytic factors.

The tPA activation of plasminogen with S2251 was also run in the presence of soluble
fibrinogen and a similarly low activation of plasminogen was observed (Figure 4.11). In general,
tPA and plasmin(ogen) are key enzymes in the fibrinolytic pathway. Being capable of
differentiating tPA and plasminogen levels in an unknown sample is an important assay feature.
The annular clot lysis assay provides for a more versatile assessment of sample fibrinolytic
potential compared to the S2251 assay. In addition, since tPA or alteplase is commonly used as a
thrombolytic therapy for treating acute thrombosis events, the annular clot lysis assay could be
conducted as a clinical pilot test to predict patient response to the thrombolytic therapy. With a
proper modification of the fibrin clot, for example, by including patient own plasma protein, red
blood cells and platelets to form labeled platelet-free, platelet-rich plasma clots and whole blood
clots, annular clot lysis assay can potentially optimize the dosing strategy prior to administering a

treatment clinically.
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The FITC-labeled annular clot lysis assay is a convenient method for a reliable assessment
of sample fibrinolytic activity. The assay offers a real-time tracking of clot digestion where both a
lag phase and a clot digestion rate can be identified and quantitatively compared. Based on these
metrics, the present study has demonstrated the assay’s capabilities of differentiating multiple
fibrinolytic factors at physiological concentrations. In addition, the tagged clot substrate has long-
lasting stability when stored at 4 °C for up to 8 weeks (Figure 4.12). Clot structures were
monitored every week over 56 days through clot turbidity reads at 550 nm. Turbidity values
tracked similarly across all groups. At RT, turbidity values started to decrease after 35 days and
reached 30-50% of their starting turbidity at the end of the tested period. While 4 °C turbidity
values showed no overall changes (P < 0.05) for 3, 7, 12 Physiologically relevant (PR) FhF clots
and no more than 8% overall changes (P < 0.05) for control clots throughout indicating a stable
clot structure in all groups over 56-days. As there were no stabilizer agents specifically added to
these samples, it is likely that the reduced turbidity over time observed at RT is due to bacterial
growth. To test this, an additional untagged fibrin clot was stored in 0.05% sodium azide and no
reduction in turbidity was observed over 56-days (Figure 4.12E). Long-lasting stability of a tagged
clot substrate greatly expands its utility especially under the fast-responding clinical setting as it

does not need to be formed directly prior to use.

® 58 ygmL PLG varying tPA O Plasmin activity (58 pg/mL PLG varying tPA)
A 58 pg/mL PLG varying tPAwith 3 mg/mL fibrinogen A Plasmin activity (58 pg/mL PLG varying tPA with 3 mg/mL Fbg)
Linear (58 pg/mL PLG varying tPA) Linear (Plasmin activity (58 pg/mL PLG varying tPA))
0.1 - Linear (58 pg/mL PLG varying tPA with 3 mg/mL fibrinogen) 0.08 - — — Linear (Plasmin activity (58 ug/mL PLG varying tPA with 3 mg/mL Fbg))
0.08
c ] 0.06 - e
£ 0.06 - i o T
> 1 E004 | Jtle
8 0.04 - a =) &~
< ] -
- / 0.02 4 &~
0 1 T T T T ) 0 & ﬂ—%/_@
0 200 400 600 800 1000 0 200 400 600 800 1000
tPA (ng/mL) tPA (ng/mL)

Figure 4.11. Comparing (A) digestion rates (initial velocity, abs/min) at 405 nm by S2251 assay
and (B) converted plasmin activity at varying [tPA] (0, 200, 500, 1000 ng/mL) with or without 3
mg/mL fibrinogen at 37 °C.
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Figure 4.12. FITC-fibrin structural stability by clot turbidity (at 550 nm) over 8 weeks. Turbidity
values were normalized by starting turbidity values of each sample. (A) Unmodified and (B, C,
D) physiologically relevant 3, 7, and 12 FhF FITC-fibrin clots were formed in 96 well plates and
stored at both RT and 4 °C to determine the long-term stability of the formed clots. Additional
untagged fibrin clot was stored in (E) 0.05% sodium azide.

4.5 Conclusion

The annular clot lysis assay approaches a representative fibrinolytic process by utilizing a
physiological relevant fibrin substrate with a concentration gradient-driven sample digestion.
Formation of fibrin substrates at a known concentration enables the inter and intra test comparison
of sample fibrinolytic potential. FITC labeling in the fibrin clot with a unique annular shape in the
96-well plate facilitate an easy-to-multiplex design to acquire fibrinolytic information of samples
via a spectrometer (or fluorometer). By optimizing the fibrinogen: FhF ratio in the clotting mixture,
the impact of FITC to fibrinogen conjugation on bulk fibrin properties such as clot strength and
clot turbidity were minimized. Results demonstrated that the fibrinogen to FITC-fibrinogen ratios
that mitigate deleterious effects associated with FITC tagging were at 10:1 for 3FhF, 30:1 for 7FhF,
and 50:1 for 12FhF. SEM imaging results validated the similarity between 12FhF (50:1) and
unmodified fibrinogen. Fibrinolytic activities of solutions containing different levels of plasmin
were tested, both neat and physiologically relevant 12 FhF annular clot showed good limits of

detection while neat 12FhF annular clots showed 19 times better sensitivity than its physiologically
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relevant counterpart. It is also important to be aware that without additional modification, the
annular clot lysis assay described here is not designed to diagnose sample fibrinolytic activities
that is contributed by upper stream coagulant factors.

Fibrinolytic activities of solutions containing plasminogen and tPA were further examined,
the physiological relevant 12 FhF annular clot lysis assay could differentiate digestion at varying
fibrinolytic component levels or varying fibrin-binding affinity. Based on experimental results, the
addition of > = 500 ng/mL external plasminogen activators is recommended to derive an expedient
result for patient fibrinolytic potential diagnosis. In addition, the physiological relevant clotting
formulation exhibits clots with properties akin to native clots that make it feasible to test clot
structure under alternate diverse clotting conditions. For example, clotting conditions can be
adjusted to mimic pathological conditions and FITC labeled fibrin can be utilized as a reporter to
determine effects on coagulation and fibrinolysis stemming from the pathologic conditions. The
tunable fibrin clot substrate itself or as a base of a tunable synthetic blood clot can be used to mimic
clinical clot or thrombi structures to provide insights into the treatment for thrombosis at specific
patient conditions. For instance, annular clots can be made at varying fibrinogen levels to help
predict therapeutic dosage for patient with fibrinogen deficiency or hyper-fibrinogen levels as were
seen in COVID-19 patients.[37, 38] The optimized FITC labeling fibrin(ogen) formula is also
worth being introduced to studies that monitor FITC-fibrin digestion under a confocal microscopy
because of its modest intensity and labeling homogeneity. Thrombolytic drug efficacy is usually
examined in a 125I-fibrinogen contained plasma clot.[39, 40] The present assay is a better
alternative for this type of study as FITC is a more accessible and less hazardous reporter compared

to isotopic iodine.
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5. EFFECT OF CHANDLER LOOP SHEAR AND TUBING SIZE ON
CLOT ARCHITECTURE

One version of this chapter was currently under review at a peer-reviewed journal as a publication
entitled “Effect of Chandler Loop Shear and Tubing Size on Thrombus Architecture”.

Native thrombi comprise different levels of fibrin, RBCs and platelets due to variations in
hemodynamics, pathologies and patient-specific blood conditions. The diversity of thrombus
structure has resulted in the clinical use of thrombolytic agents at different therapeutic dosage and
through distinctive delivery methods.[1] This fact enlightens the modeling of clot substrates that
have varying component composition and distribution. The Chandler loop is an in-vitro clot
formation device, which has been extensively used to examine thrombogenicity of prosthetic
materials.[2-4] Clots formed in the Chandler loop have shown good resemblance to native
thrombi.[4, 5] A Chandler loop apparatus is made by joining and sealing open ends of a tube, in
which non-anticoagulated whole blood is partially filled. Vertically rotating the loop in a 37 °C
water bath, the internal liquid flows relative to the tubing to mimic a physiological shear flow. An
array of clot structures can be achieved by mixing blood components at different levels and under
different wall shear rates in the loop. The flow dynamics in this model have been previously
defined and a shear rate can be easily derived using the rotating velocity and tube geometry.[6, 7]
Thus, this chapter explores conditions in a Chandler loop to fabricate diversified arterial or venous

clot substrate with good physiological relevance.

5.1 Abstract

Thrombosis is the pathological formation of blood clots that can lead to a wide variety of
life-threatening circumstances. Thrombolytic drugs that offer direct clot dissolution can be
prescribed to patients who have ischemic strokes and pulmonary embolisms. As current drug
screening models often poorly predict drug profiles, leading to failure of thrombolytic therapy or
clinical translation, more representative clot substrates and systems are necessary for evaluating
novel thrombolytic candidates. Utilizing a Chandler loop device to form clot analogs has gained
popularity in stroke societies in recent years. However, clot analogs are commonly formed at high

shear to resemble stroke thrombi while low shear conditions are often overlooked. Additionally,
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clot micro-structure as it relates to shear conditions have not been fully addressed. In this study,
we characterized the impact of shear (126 to 951 s') on clot properties in the Chandler loop.
Tubing loops were partially filled (50%) with recalcified citrated blood and spined at 20-60
revolutions per minute for 40 min. To expand the utility of the Chandler loop for various
thrombosis applications, multiple tubing sizes (3.2 to 7.9 mm) were employed facilitating creation
of different sized clots. Formed clot samples were further characterized by histology and scanning
electron microscopy (SEM). In summary, clot properties showed shear-dependent variations.
Increased shear resulted in unaffected WBC counts, decreased RBC counts (76.9 + 4.3% to 17.6
+ 0.9%) and increased total fibrin (10 to 60%) based on clot histology. Increased fibrin sheet
morphology and platelet aggregates were also observed at a higher shear under SEM. In addition,
using larger diameter tubing resulted in larger clots with smaller tubing occlusion (63.5% to
34.6%). These results show the significant impact of shear rate and tubing size on resulting clot
properties and demonstrate the capability of forming a variety of in-vivo-like clot analogs in the

Chandler loop device.

5.2 Introduction

Varying shear conditions in blood circulation can result in the formation of thrombi with
diversified clot compositions. Components of these thrombi comprise heterogenous fibrin
morphology and packed cellular networks such as polyhedral red blood cells (RBCs) and platelet
aggregates that often result from patient-specific physiology.[8] Formation of such structures can
challenge the efficacy of a standard thrombolytic therapy leading to high risk-benefit ratios in
circumstances such as deep venous thrombosis (DVT).[9] This calls on evaluating novel drug
candidates, or therapeutic regimens, using a representative drug target or system that can
incorporate these properties. While animal blood clot models have enhanced the understanding of
thrombosis, the cost for use of human comparable large animal models are significant and small
animals, such as rodents, are not optimal for drug development as their hematological composition
deviates considerably from that of humans.[10] Utilizing artificial human blood clots to study
thrombolysis has attracted growing research interests in recent years.[11-13] These clot substrates
formed at physiologically relevant flow conditions are believed to better capture the dynamic
nature of the in-vivo thrombi and offer more accessible and representative results for use in

thrombolytic drug screening.
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A Chandler loop apparatus is a validated tool that has previously demonstrated its
capability of forming artificial clots that resemble native thrombi.[4, 14, 15] The apparatus consists
of a hollow tube with ends joined to form a continuous loop, wherein the tubing is typically filled
with 30% to 70% fluid (Figure 5.1). Rotating the tubing about its center creates a torsion gradient
that drives internal fluid flow against the rotational direction allowing for control over shear by
adjusting tubing geometry and rotational rate. Clots formed in this device are commonly subjected
to high shear yielding a structure that consists of a platelet-rich head and fibrin-rich tail, resembling
the morphology of thrombi in stroke patients.[4, 16] Although shear has a known effect on clot
composition within native blood, it has not yet been thoroughly characterized in the Chandler loop
apparatus under low shear conditions (< 500 s') where venous thrombi are commonly formed.
Tubing size is another important device parameter that is often overlooked despite the knowledge
that lumen size-dependent flow effects, such as platelet margination and cell-free layer thickness,
can contribute to clot diversity.[17, 18] Characterizing these device conditions for making artificial
clots can extend the usage of the Chandler loop in preclinical drug development applications and

improve the reproducibility of clots formed utilizing the device.

A

Control Board

Forward
meniscus

DC motor

Tubing Loop

Water Bath Clot

Figure 5.1. (A) Schematic representation of the Chandler loop setup. (B) A photo of the
assembled Chandler loop apparatus with blood running in the device. (C) Illustration depicting
clot formation within the Chandler loop at the forward meniscus.

In this study, we explored how tubing size and shear rate, affect clot formation in the
Chandler loop device. We compared clot weight, size, histological composition, and component

distribution across nine groups comprising three tubing inner diameters (3.2, 4.8, and 7.9 mm) and
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three rotational rates (20, 40, and 60 RPM), whose corresponding shear rates are from 126 to 951
s' (6 groups <500 s!). In addition, scanning electron microscopy (SEM) was utilized to examine
clot micro-architecture and identified shear-dependent morphology of clot components. These
results reveal a significant impact of tubing size and shear rates on resulting clot properties -
demonstrating the capability of forming a wide variety of in-vivo-like clot analogs by modulating
very simple and highly controllable clot forming parameters using the Chandler loop device. This
level of control over resulting clot characteristics is not possible when utilizing purely animal

thrombosis models which often makes pharmaceutical drug optimization more complicated.

5.3 Materials and Methods
5.3.1 Materials

Sodium citrate, calcium chloride, and 10% Neutral Buffered Formalin (NBF) were
purchased from Sigma (St. Louis, MO). Glutaraldehyde was purchased from Fisher Scientific
(Hampton, NH). Tygon® ND 100-65 medical tubing was purchased from U.S. Plastic Corp (Lima,
OH). Martius Scarlett Blue (MSB) staining kit was purchased from Avantik (Pine Brook, NJ).
Animal use and care in this study was approved by the IACUC at the Indiana University School
of Medicine. Ossabow swine was kept on anesthesia and mechanical ventilation during blood draw
using a protocol described previously.[19] Venous blood with a 33% hematocrit was collected
through the jugular vein using an 18-gauge needle into a syringe that was prefilled with 3.2%

sodium citrate at a 1:9 anticoagulant to blood ratio.

5.3.2 Chandler Loop Clot Formation

A vertical Chandler loop apparatus was assembled using a DC motor (100 RPM Max) and
a 3D printed spool (Creality 3D printer). A potentiometer and 12 V power supply were connected
into the circuit to adjust the motor speed to provide for varying rotational rates. Clots were formed
in three tubing sizes at three rotational rates each. Tubing inner diameters (R) are S = 4/32” (3.2
mm), M = 6/32” (4.8 mm), L = 10/32” (7.9 mm). Rotational rates (®) are 20, 40, and 60 RPM. In
these experiments, all tubing lumens were filled to 50% volume of blood which are 1.5, 3.4 and
5.4 mL corresponding to the three tubing sizes. To initiate clot formation, fresh citrated blood was

recalcified with 11 mM calcium chloride and transferred into the tubing. Tubing was immediately
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end-joined and fixed by an inner diameter to outer diameter fitted tubing segment to form a loop
with a 6 cm radius of curvature (Ro). Tubing loops were then put on the spool and rotated for 40
minutes partially submerged in a 37 °C water bath. All clot formation variations were completed
in a single day within three hours of blood collection. Shear rates (y) were calculated by an

equation shown below derived using a straight tube laminar approximation.[20]
. 2mRyw
T

5.3.3 Clot Properties and Histology

Resulting clots were gently blotted, weighed and their dimensions were measured for
comparison. One clot from each group was placed in 1.5 mL of 10% NBF at RT overnight. Paraffin
embedment, sectioning, and hematoxylin and eosin (H&E) staining were performed by the Indiana
University School of Medicine histology core using a standard tissue-processing protocol.[21] Clot
samples were cut into sections of 2 um thickness. One slide of each group was further stained with
MSB staining kit to identify platelet-rich regions of thrombi in addition to RBCs, white blood cells
(WBCs), and fibrin. Images of the samples were scanned at 40X on a Zeiss Axio Scan microscope.
Higher definition photos at spots of interests were taken at 40X for detailed comparison on a Leica

CME microscope. Clot compositions were quantitatively analyzed using ImageJ.

5.3.4 Scanning Electron Microscopy

SEM samples were prepared and processed as described previously.[22] Clots from each
group were treated in 2.5% glutaraldehyde followed by an overnight lyophilization (FreezeZone
2.5, Labconco). Dehydrated samples were subsequently sputter coated with gold (Denton Vacuum
Desktop V) for 30 seconds at 3*10* Torr to obtain a ~10 nm gold coating for SEM. Clot micro-
structural images were taken using a field emission scanning electron microscopy (JSM-7800F,
JEOL) at the Integrated Nanosystems Development Institute at Indiana University Purdue

University Indianapolis. An acceleration voltage of 5 kV was applied for all samples.
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5.3.5 Statistical Analysis

Data is described as mean + standard deviation. Means were compared using Student's t-
test (equal sample size) or Welch's t-test (unequal sample size) and statistical significance was

reported at P-values < 0.05.

5.4 Results
5.4.1 Clot Formation

Nine conditions were tested to form 3 to 4 replicates of clot analog for each condition on
two identical Chandler loop apparatuses using venous blood from a single donor (Ossabow swine).
In all groups, blood was able to spontaneously flow against the direction of the rotating tubing
throughout the duration of the clotting process with clot formation occurring at the forward
meniscus. After clotting, the remaining serum volume was measured, revealing a range of 75 - 86%
of the starting blood volume across all groups. In addition, no apparent hemolysis was found by
comparing the morphology of RBCs in the remaining liquid with those in the fresh blood (Figure
5.2).

5.4.2 Clot Appearance and Weight

To examine clot appearance, clot samples were collected, gently blotted, weighed, and
transferred into petri-dishes. At higher rotational rates and smaller diameter tubing (higher shear),
clots appeared to be smaller, paler, and more uniform in color. At lower rotational rates and larger
diameter tubing (lower shear), clots were larger, darker, and heterogenous. The smallest clots were
formed at S60 while the largest clots were at L20 (Figure 5.3). To quantitatively analyze
morphological differences, clot dimensions were measured using ImagelJ, clot volume and cross-
sectional areas were measured utilizing calipers. The resulting clot diameter was more significantly
impacted by tubing size than rotational rate (RPM). Specifically, tubing occlusion was calculated
by taking a ratio of the cross-sectional area of the clot to the cross-sectional area of tubing lumen.
Occlusion percentages showed significant differences (P < 0.05) which were 63.5 + 13.1% in the
small sized, 46.5 = 13% in the medium sized, and 34.6 + 15.9% in the large sized tubing. Although
larger diameter tubing often led to clots with larger radii, our results indicated that clot radius is

not linearly proportional to the lumen size. Clot weights were further compared, indicating a large
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range from 50 to 800 mg with the most massive clot formed at the slowest RPM inside the largest
tubing. The variation in clot mass may also be in part due to the different blood volumes prefilled
into the tubing. For example, clots formed at M60 were 1.8 times heavier (P < 0.05) than those
formed at S40 despite these two conditions having the same calculated shear rate. Importantly, 50%
lumen fill was selected in each group since using one volume may result in flow inconsistency
across the wide tubing size range used in this study. However, in tubing sizes where identical blood
volumes were employed, clot weight showed a significant reduction at an increased RPM (P <

0.05) demonstrating that high RPM, or high shear, can cause the reduction of clot weight.

Before clotting

Clotted Liquid
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Figure 5.2. Images showing RBC morphology before and after clot formation in a
hemacytometer (Bright-Line™ Hemacytometer). For RBC images after clot formation,
remainder clot-free solution samples were 1:200 diluted in formalin citrate, which is an isotonic
solution to preserve RBC morphology. In addition, clotted liquid volume was measured and
showed an overall consistent volume ratio with respect to total solution before solution.
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Figure 5.3. (A) Comparison of clot samples across nine groups. Clots formed at S-small, M-
medium, and L-large tubing (top to bottom) at 20, 40 and 60 RPM (left to right). (B) Comparison
of the average clot diameters formed in different diameter tubing. Comparison of (C) clot
volume estimated through clot appearance using ImagelJ and (D) clot weight across groups.
Brackets denote significant differences between groups.

5.4.3 Histologic Composition

Clots made in the Chandler loop were better than statically formed clots in capturing in-
vivo thrombi composition and component distribution as the latter clots formed in the absence of
shear provide only homogenous structures.[23] One clot sample was selected from each group to
be paraffin-embedded, sectioned, and stained with both H&E and MSB for subsequent analysis of
clot composition as it is affected by shear and tubing size. Under H&E staining, WBCs (stained in
blue), RBCs (stained in red), and fibrin (stained in pink) were differentiated (Figure 5.4A). WBCs
resided mostly in the fibrin (stained in pink) regions accounting for less than 3% of clot volume in
all clot samples made in this study, which was consistent with the percentage found in native
thrombi.[24, 25] To better compare RBCs and fibrin distribution, three related structural patterns

were identified which comprise stacked RBC regions, fibrin-rich regions, and RBC-infiltrated
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fibrin regions (Figure 5.4B, 5.4C and 5.4D). Due to the employment of different blood volumes
at different tubing diameters, the presence of these patterns was primarily compared across
different shear rates within the same tubing size. Stacked RBC regions showed a reduction at
higher RPM in all tubing groups. Fibrin-rich regions (light pink) defines a specific clot structure
composed of high-density fibrin. They were seen most in clot heads and tails as was reported by
other studies.[4, 26] In all tubing sizes, more fibrin-rich regions were observed at higher RPM.
RBC infiltrated fibrin regions did not show a deviation in small and medium tubing groups while
a significantly lower RBC infiltrated fibrin region was observed in L20 than L40 or L60 (P <0.05),
which was attributed to the low wall shear condition (126 s). In summary, an increased rotational

rate results in increased fibrin-rich regions and decreased stacked RBCs.
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Figure 5.4. (A) Gross and 5X H&E photos of representative clots. WBCs (blue), RBCs (red),
fibrin (pink). Scale bars are 5 mm in gross photos and 200 pm in 5X images. Comparing the
percent area of packed RBC, fibrin-rich, and RBC infiltrated fibrin in clot samples formed at
different RPMs in (B) small, (C) medium, and (D) large diameter tubing. Detailed measurements
highlighting these regions of interests were included in Figure A.19.
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5.4.4 Shear Effects on Clot Composition

Apart from the analysis of three defined clot structural patterns, individual components in
clots were further compared based on clot forming shear rates. Therefore, data was combined and
reorganized into three categories to better illustrate the effect of shear on overall clot compositions.
Three shear bins were created, representing low (0 — 300 s™'; composed of L20, L40 and M20
tubing), medium (300 — 500 s*'; composed of L60, M40 and S20) and high shear (> 500 s';
composed of M60, S40, and S60) (Figure 5.5).

Fibrin and platelets were examined using H&E and MSB staining. Fibrous fibrin network
and porous fibrin were able to be differentiated using light microscopy. Porous fibrin was more
frequently present at higher shear conditions. MSB staining has been regarded as the standard
criterion for assessing platelet-rich regions.[11] Platelets were shown as gray granules in MSB
images (Figure 5.5). At low shear rates (Figure 5.5A), platelets were uniformly sized and shaped,
densely packed, and restricted in islands of fibrin. At high shear (Figure 5.5C), platelets tended to
be heterogeneous in size and mainly resided near the fibrin bundle junctions or near the edge of
fibrin pores. The increased prevalence of these fibrin structures in clots formed at high shear
provides for incorporation of a large number of platelets resulting in a generally fibrin and platelet-
rich clot. At medium shear (Figure 5.5B), the distribution of platelets comprised an equal mix of
same-sized platelets found in densely packed fibrin sheets and highly contracted platelets found in
the fibrous-fibrin structures. These observations could be directly attributed to platelet
conformational changes in response to different shear conditions.[27]

A quantitative analysis of WBC and RBC occupied area in these clots was also performed.
Comparing to the weak trend of WBC percentage, area occupied by RBC showed an explicit
negative correlation against the shear rate (R? = 0.9298). Specifically, RBC percent area ranged
from 17.6 + 0.9% in S60 (highest shear) to 76.9 = 4.3% in L20 (lowest shear, P < 0.05) (Figure
5.6). Similar to the fact that different shear rates lead to RBC-poor or RBC-rich native thrombi
formation, varying shear in the Chandler loop device also resulted in clots with different amounts

of RBCs.
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Figure 5.5. Histology photos of representative clot samples at (A) low, (B) medium, and (C)
high shear rates. From left to right: photos of identical spots in the fibrin-rich region under H&E
versus MSB at 40X and zoomed MSB platelet-specific regions. H&E stains: WBCs (blue),
RBCs (red), fibrin (pink). MSB stains: WBCs (purple), RBCs (yellow or red), fibrin (blue or
red), platelets (gray). Red arrows indicate platelets in MSB (platelets) photos. Scale bars are 5
mm for photos in the first column, 200 pm for the second column and 50 um for the rest.
Remainder clot sample photos are listed in Figure A.20.
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Figure 5.6. (A) WBC and (B) RBC percentage area in clots are shown over shear rates. Linear
regression was plotted by RBC percentage area over increased shear rates.
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5.4.5 Scanning Electron Microscopy

Native thrombi micro-structures are affected largely by thrombosis pathogenesis. A recent
SEM study has reported varying compositions of micro-structures in arterial, venous, and
pulmonary thrombi/emboli.[8] To further demonstrate the resemblance of clots formed in the

Chandler loop device to those described clinically, SEM images of clot samples were taken to

provide for a complimentary structural analysis in addition to clot histology.

{ - g v N o5y » 25 y

Figure 5.7. Representative SEM images of clots formed at (A1-AS5) low, (B1-B5) medium, and
(C1-C5) high shear in each row. In each row, structures were ranked based on their high-to-low
presence frequency in the sample groups, for example, Al is the most common structure in the
low shear group. Images were taken at 1000 X and spots of interests were shown at 2000X in
selected images. Scale bars are 10 um in these graphs.

Clot samples processed for SEM were sliced in the longitudinal direction to better visualize
underlying clot structure.[28] This was necessary as the clot surface was covered with a thin fibrin
film preventing direct visualization of internal clot morphology using intact clots. Samples were
grouped into three shear levels and representative SEM images were ranked based on their
presence frequency and shown accordingly (Figure 5.7). Fibrin in these clots revealed a large
variety of shear-dependent morphologies. Fibrin sponge (Figure 5.7-C1, taken at S60 clots), sheet
(Figure 5.7-C3, taken at M60 clots), and bundles (Figure 5.7-C4, taken at S40 clots) are the
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dominant motifs present at high shear compared to fibrin fibers at low (Figure 5.7-A3, taken at
M20 clots) and medium (Figure 5.7-B2, taken at S20 clots) shear.

RBCs also showed shear-dependent morphology variations at select shear levels. Packed
RBCs were observed at all shear levels under histology with these aggregating structures more
clearly resolved under SEM. Importantly, RBCs were shown to be associated with minimal fibrin
at low shear (Figure 5.7-A1 and A2, taken at L.20 clots) but were largely infiltrated with fibrin
fibers at medium (Figure 5.7-B1 and B3, taken at L20 and M40 clots) and high (Figure 5.7-CS5,
taken at M60 clots) shears. Within the packed structure, RBCs were further identified as
biconcave-like (Figure 5.7-A2, taken at L20 clots) and polyhedral shapes (Figure 5.7-B4 and CS5,
taken at S20 and M60 clots) and quantified using a similar method published previously (1). The
predominant RBC shape was determined ina 10X 10 um grid in 8 to 12 SEM photos that contains
RBCs for each sample. Area fractions of the predominant shape to total RBCs occupied area were
derived and compared across samples. Significantly more biconcave-like RBCs (28.6% + 14.9%
of total RBCs) were observed at shear rates below 500 s™! compared to only 10.2% =+ 1.6% at shear
rates above 500 s'! (P < 0.05). Platelets are another clot component that was identified. More
platelet aggregates (Figure 5.7-C1, taken at S60 clots) were resolved at high shear showing their
preferrable residence in between the fibrin sheet layers. On the other hand, at low shear, very few
platelets were found - most of which were surrounded by abundant RBCs (Figure 5.7-AS, taken
at L20 clots). In all, micro-structures and compositions of the formed clot analogs showed good

resemblance to in-vivo thrombi, making them good candidates for use in thrombolytic drug testing.

5.5 Discussion

Presented here is a study that examines a wide range of shear impacts on clotting and
formation of diversified clot analogs using the Chandler loop device incorporating both tubing size
and rotational rate variations in the analysis. Through adjusting the tubing size and rotational rate,
clot size, weight, morphology, and component distribution can be precisely tuned with a high level
of reproducibility, which has not been significantly addressed thus far in the literature. Formed
clot samples were significantly different across experimental groups; however, properties of in-
group replicates were highly consistent showing only minor variation. This was confirmed by
small standard deviations demonstrating the Chandler loop’s high reproducibility in fabricating in-

vivo-like clot analogs (Figure 5.3). Shear rates used for this study were not sufficiently high as we
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did not see significant disruption of the RBC membrane. Importantly, the device curvature radius
was carefully selected so that the calculated shear rate values using the laminar approximation are
also consistent with results derived using an empirical equation provided by a previously
conducted numerical Chandler loop simulation. Shear rates calculated by the two methods are

compared (Figure 5.8). [29]

20RPM 40RPM 60RPM 20RPM 40RPM 60RPM
Dean flow considered

Laminar flow (Gardner et al. eqn) (Touma et al. eqn)

4/32" 315 634 951 317 617 899

6/32" 212 422 634 212 420 623

10/32" 126 253 379 127 254 379
Laminar flow approximation: Numerical solution:

= 2mRowu (Gardner et al., 1974) 5 2
w= ; De* De*
15R &0 = 20,0039 ) —0.0208———— +2.6946
® (10068) (1000)
Ry: Loop curvature radius R: Tubing inner radius (Touma, 2014)
w: Rotational rate u: Blood viscosity &6 mR, ’
W= 20"

Figure 5.8. Shear rates calculation at nine different Chandler loop conditions (20, 40 and 60
RPMs, and small, medium, and large tubing inner diameters) using an equation derived from
laminar flow assumption by Gardner et al.[7] vs an empirical equation derived by computational
simulating Chandler loop published by Touma et al.[29]

An increased shear rate resulted in the formation of a clot with decreased RBCs, packed
RBC structures and fibrin fibers, increased total fibrin, fibrin sheets and platelets based on both
histology and SEM results. WBCs percentage in clots appeared to be unaffected by varying shear
conditions. RBC aggregation is a notable phenomenon at low shear, or stasis, that contributes to
increased viscosity and hydrodynamic resistance in blood circulation.[30] The formation of
stacked RBC structures at low shear flow conditions confirmed that the Chandler loop device can
fabricate clots that resemble venous thrombi. While at higher shear, a higher fraction of rigid
polyhedral RBC cellular conformation was observed that is indicative of a much tighter clot
structure which was also visualized in patient thrombi samples.[8, 30] In addition, high shear
promotes the formation of fibrin sheets, bundles, and sponges compared to only fibrin fibers at

lower shear conditions. Although this difference in morphology has been previously addressed in
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in-vitro fibrin only formation studies, our results confirmed that incorporating other blood
components such as platelets and RBCs enhanced the shear impact on fibrin morphology.[31]
Tubing size was also found to significantly affect clot properties. Increasing tubing size resulted
in a larger clot radius with varying proportions to tubing inner radius. Additionally, shear
conditions (126 — 980 s!) and tubing sizes (3.2 — 7.9 mm) employed in this study captured a wide
variety of parameter combinations, which can be easily replicated in research or clinical
laboratories.

Pig blood functions as a good analog to human blood and has been demonstrated to predict
similar outcomes for human clot research.[15] This study would benefit more if human blood were
to be employed although a large fresh blood volume from a single human donor can be problematic.
Clot formation experiments were all performed at a fixed shear while native blood flow is a more
complicated condition. Although clot analogs observed herein showed good thrombi resemblance,

the results should be carefully interpreted to guide for therapies development.

5.6 Conclusions

Ultimately, the exploration of tunable clot formation in this study promises to expand the
capability of the Chandler loop device in forming diversified, reproducible, and highly controllable
clot substrates, which can have large ranges of properties that include clot weight (50 — 800 mg),
cross-sectional diameter (2.5 to over 4.6 mm), clot RBC percentage (20 — 80 %), fibrin-rich
component (10 - 60%), and fibrin/cellular morphology - as demonstrated in this study. Blood
component storage protocols and diversified clot formation conditions can also be employed for
prolonging substrate usable life and expanding the utility to mimic pathological conditions.[32, 33]
These clots formed via that Chandler loop can be used directly in ex-vivo assays under static or
flowing conditions for thrombolytic testing, introduced into animal models via injection as
autologous clots for drug screening applications, or to study thromboresistance of medical devices
such as blood pumps and artificial heart valves.[34] These diverse applications for Chandler loop
formed clots capture a wide spectrum of thrombosis events that can ultimately facilitate the

development of personalized treatment regimens for patients.
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6. REAL-TIME TRACKING OF FIBRINOLYSIS UNDER PHYSIOLOGIC
SHEAR IN AN IN-VITRO THROMBOLYSIS MODEL

One version of this chapter was currently under review at a peer-reviewed journal as a publication
entitled “Real-time Tracking of Fibrinolysis under Physiologic Shear in an in-vitro Thrombolysis
Model”.

Since blood flow largely affect the transport of thrombolytic agent into the clot, it is
necessary to mimic these conditions in the in-vitro model to study therapeutic agents. Although
microfluidic chambers have attracted huge research interests and extensively studied for in-vitro
flow modeling, these devices have small length scales and highly ordered flow patterns which are
incomparable to native conditions. Models with physiological diameter lumens (1 to 30 mm) offer
a more representative environment to cultivate biological and hemodynamic interactions. One
limitation about physiological scaled models is the requirement of using a large amount of blood
to conduct a single experiment. A common and efficient strategy to circumvent this issue is by
joining the inlet and outlet into a loop and incorporating a peristaltic pump to offer a flow. The
peristaltic pump is largely in favored for blood related applications since it provides for a large,
circulative, and non-contact flow output. Similar thrombolysis models using the mentioned
components are poorly documented and mostly seen in ultrasound-aided thrombolytic applications
which is not primarily intended for thrombolytic drug screening.[1, 2]

Taking the knowledge from previous chapters for fabricating a physiologically relevant
FISC, this chapter reports a design, development and characterization of a novel physiologic scale
in-vitro flow model for fluorescence tagging leveraged thrombolysis monitoring. Developing a
well-characterized flow model to molecularly track clot digestion, especially fibrin degradation,
in real-time, is to-date the first of its kind, and can be extremely useful to evaluate drug profiles.
Acknowledging potential variations and versatility of the setup, this chapter focuses on the primary
utilization of this model, which is to establish a continuous shear flow to study the effect of wall
shear rate on clot digestion. The laminar flow pattern is developed with a help of dampeners and

ensured by pressure sensor readings and a flow entrance length.
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6.1 Abstract

A great need exists for the development of an in-vitro model to screen for novel
thrombolytic therapies more efficiently in a physiologically relevant system without the immediate
reliance on animal models that are inefficient, costly, and often have distinct physiology from
humans. Thus, we propose here a highly reproducible, physiological scale, flowing clot lysis model
with real-time fibrinolysis monitoring to screen thrombolytic therapies utilizing a FITC-labeled
clot analog. Using this Real-Time Fluorometric Flowing Fibrinolysis Assay (RT-FIuFF Assay) a
tPA-dependent degree of thrombolysis was observed both via clot mass loss as well as
fluorometrically monitored fluorescence release. Percent clot mass loss ranged from 33.6% to 85.9%
with fluorescence release rates of 0.53 to 1.17 RFU/min in 40 and 1,000 ng/mL tPA conditions,
respectively. Correlation analysis indicated a strong linear correlation (r = 0.78) between percent
mass loss and rise in plasma fluorescence. This was similar to other digestion assay standards such
as the Chandler loop (r = 0.81) and the static clot lysis (r = 0.91). The proposed in-vitro clot model
offers real-time digestion monitoring and represents a versatile testing platform for thrombolytic

drug screening.

6.2 Introduction

Thrombosis is the pathologic formation of a blood clot that obstructs flow through veins
or arteries. Complications of thrombosis can be life-threatening, such as ischemic stroke,
myocardial infarction, and pulmonary embolism. The mainstay thrombosis treatment is either
through mechanical thrombectomy, which requires a specialized device and an experienced clot
retriever-operator, or by intravenous infusion of thrombolytic drugs.[3, 4] Both approaches do
maintain inherent risks, bleeding being the primary.[5] Current evaluation of thrombolytic agents
has largely relied on animal models. However, animals do not predict a reliable drug efficacy
profile due to their distinct physiology.[6-8] To circumvent the problem, numerous in-vitro drug
testing methods have been developed to assist in the screening and development of novel
thrombolytic agents. A static in-vitro clot lysis assay using a statically formed clot is the most
common protocol found in the literature.[9, 10] Tests are performed by adding drugs to a
preformed clot and tracking changes in clot weight to depict drug efficacy. However, properties of

statically formed clots are different from those of native thrombi due to the lack of shear effects
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during clotting, for example the promotion of fibrin cross-linking during clotting under shear. [11,
12] Drug-induced static clot digestion also ignores human hemodynamics where parameters like
trans-thrombus pressure drop, and turbulent flow can dramatically affect the clot permeation
resulting in distinctive drug efficacy profiles.[13, 14] Thus, devices have been engineered to
achieve more relevant physiological digestion conditions. Microfluidic related assays are useful in
studying thrombosis progression, given their highly ordered flow patterns and ease of imaging.
However, clots formed in these devices tend to be dissimilar to native thrombi due to the nature of
device lumen size and difference in generated flow dynamics.[15, 16] Utilizing a Chandler loop
device to form clot analogs and study clot digestion has gained popularity in thrombosis societies
in recent years.[12, 17] Clot analogs formed in the Chandler loop have revealed a good
resemblance to native venous thrombi, arterial thrombi, and pulmonary emboli.[11] The Chandler
loop also allows for clot digestion under shear; however, its over-simplified nature makes it a less
representative model since the setup lacks important physiological circulatory components such
as a reservoir and pressurized flow conditions. Given the drawbacks and benefits of existing
methods, developing a drug screening platform that combines a physiologically relevant clot and
a biomimetic flow setup is essential to a more meaningful drug screening. This model may not
eliminate the need for preclinical animal testing but can exclude inefficient agents earlier in the
drug development pipeline to expedite the drug evaluation process.

This study reports the design, validation, and characterization of an in-vitro thrombolysis
model for thrombolytic drug screening. This model is a tubing-based system that offers
physiologically relevant shear flows. It incorporates a peristaltic pump, a flow dampener, a heated
reservoir, pressure sensors, an in-line fluorometer, and a Chandler loop-formed clot analog (Figure
6.1). The clot analog is fluorescently labeled using a previously reported low-impact strategy, to
facilitate real-time tracking of fibrinolysis.[ 18] The entire system will be referred to as Real-Time
Fluorometric Flowing Fibrinolysis Assay (RT-FIuFF Assay) for the purposes of this manuscript.
A series of characterization experiments were conducted to validate flow dynamics, impact-free
fluorescent clot labeling, and real-time fluorescence tracking under flow. Digestion experiments
were further adopted to demonstrate the capability of differentiating increased thrombolytic drug

levels for clot digestion efficacy.
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Figure 6.1. (A) Schematic representation and (B) Lab setup of Real-Time Fluorometric Flowing
Fibrinolysis Assay (RT-FIuFF). Components from left to right are dampener, peristaltic pump,
pressure sensors (before clot), reservoir, pressure sensor (after clot), fluorometer.
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6.3 Materials and Methods
6.3.1 Whole Blood and Plasma Processing

Venous whole blood was collected from healthy volunteers (n=5) by a trained phlebotomist
in accordance with an institutionally approved IRB protocol (1610652271). Volunteers were
questioned to ensure they had no clinical diagnoses or medication regimens that might impact
clotting behavior. Blood was collected into 3.2% Sodium-Citrate tubes and immediately pooled
into 15 mL tubes for use (BD Vacutainer, Franklin Lakes, NJ). Prior to performing any analyses,
sample hematocrits were calculated utilizing microhematocrit tubes centrifuged at 2750 xg for 3
minutes (Thermo Fisher, Waltham, MA). The whole blood was stored at 4°C and brought to room
temperature over the course of 30 minutes prior to use. Human plasma units were donated on

behalf of the Eskenazi Blood Bank for research use and were aliquoted prior to storage at -20°C.

6.3.2 FITC-Fibrinogen Synthesis

Fibrinogen was labeled with FITC to form FITC labeled human fibrinogen (FhF) as
previously described.[18] In short, lyophilized human fibrinogen and FITC (Sigma Aldrich, St.
Louis, MO) were reconstituted in phosphate buffer saline (PBS) and 10% dimethyl sulfoxide
(DMSO) PBS solution, respectively. 200-fold excess FITC was reacted with human fibrinogen at
room temperature (RT) for 18 hours to attain 14 FITC per fibrinogen molecule (< 8% DMSO in
reaction solution). Tagged fibrinogen was purified using 100 kDa cutoff filters following
manufacturer recommendations (Amicon®, Millipore, Burlington, MA). The average amount of
FITC per fibrinogen was verified using a previously mentioned method.[18] FhF aliquots were

then made to a final concentration of 3 mg/mL and stored at -20 °C.

6.3.3 Thromboelastography

Thromboelastography (TEG) was utilized to capture baseline patient clotting profiles to
ensure adequate clotting behavior prior to whole blood clot formation in the Chandler loop (see
method below). TEG was run in accordance with manufacture-provided protocols and prior-
published protocols utilizing Haemonetics TEG-5000 instruments (Haemonetics, Boston,
MA).[19] In brief, 1 mL of citrated whole blood was mixed into 40 puL of Kaolin and followed by
introduction of 340 uL of the mixed sample into non-coated TEG cups containing 20 uL of 12
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mM CaCl. Clotting was monitored at 37 °C. Incorporation of FhF into our samples for TEG
analysis was performed prior to introducing the whole blood into the kaolin. Ratios of FhF utilized
were 50:1, 10:1, and 5:1 which corresponds to 0.18, 0.88, and 1.76 uM, respectively. A vehicle
control that contained PBS was also included in analysis to account for potential dilution of the

whole blood samples upon addition of the FhF. Samples were run in triplicate.

6.3.4 Whole Blood Clot Analog Formation

Whole blood clots were formed utilizing a Chandler Loop to mimic exposure to
physiologic levels of shear during the process of coagulation. The protocol utilized was similar to
priorly published protocols. In brief, FhF was added to citrated whole blood at a final ratio of 10:1
(0.88 uM) prior to recalcification. After gentle inversion of the mixture, the whole blood was
recalcified utilizing CaCl, to achieve a final concentration of 11.8 mM. Recalcified whole blood
was subsequently loaded, using a syringe, into 5/32” tubing (Tygon 100-65 medical tubing) such
that half of the volume of the end-joined loop would remain empty - final volume of whole blood
utilized estimated around 2 mL (U.S. Plastics, Lima, OH). The loops of tubing were immediately
placed on a rotating semi-submerged drum of 6 cm radius to begin clot formation. The drum was
set to rotate at 40 RPM (calculated shear: 506 s!') for 60 minutes. Partial submersion of the
Chandler Loop drum in a water bath ensured clot formation was conducted at a constant 37 °C.
Once 60-minutes had passed, the Chandler Loop was stopped, and individual clots were transferred
to a petri-dish for subsequent recording of mass and gross imaging under both white light and UV
light. Clots were subsequently re-submerged in their residual serum to ensure they remain hydrated

during waiting periods.

6.3.5 Hematoxylin & Eosin Staining and Epifluorescence

A single representative clot formed from the Chandler Loop was collected from each
subject and stored in 10% Neutral Buffered Formalin for 24 hours prior to being placed in 70%
ethanol. Once preserved, clots were submitted to the Indiana University Histology Core for
sectioning and staining with Hematoxylin and Eosin. Analysis of H&E slides was performed
utilizing threshold analysis in ImagelJ to isolate contributions of red blood cells, white blood cells,

and fibrin as part of clot composition. Non-stained sections from the same clots were utilized for
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imaging under epifluorescence utilizing a LSM 800 confocal microscope (Zeiss, Oberkochen,

Germany).

6.3.6 Static Digestion

A subset of the FhF labeled whole blood clots previously described were subjected to
fibrinolysis under static conditions. Frozen plasma was thawed at 37°C and aliquoted to
subsequently be loaded with Alteplase at concentrations of 0 ng/mL (i.e., no Alteplase added), 40
ng/mL, 200 ng/mL, or 1,000 ng/mL (Genentech, San Francisco, CA). Clots were gently loaded
into 1.5 mL centrifuge tubes and filled to the 1.5 mL mark with plasma. Subsequently, tubes were
submerged in a 37°C water bath for the duration of the 60-minute digestion. Triplicate samples of
the plasma were taken at 0-, 30-, and 60-minute marks of digestion for fluorescence quantification.
A spectrophotometer (Molecular Devices, SpectraMax M5, San Jose, CA) was utilized for all
readings. Settings for the spectrophotometer were as follows: 495 nm excitation, 519 nm emission,
515 nm auto-filter. Clot weights were also recorded at the end of the digestion period and compared

to respective initial clot weights to calculate the percent clot mass lost.

6.3.7 Chandler Loop Digestion

A second modality of digestion explored was utilizing the Chandler Loop configuration to
also conduct fibrinolysis under dynamic conditions. Frozen plasma was thawed at 37°C and
aliquoted to subsequently be loaded with Alteplase at concentrations of 0, 40, 200, or 1,000 ng/mL.
FhF labeled whole blood clots were subsequently submerged, one at a time, in weigh-boats
containing 5 mL of plasma with varying tPA concentrations. A syringe attached to a new 5/32”
Tygon tube was used to draw in both the plasma and clot into the tubing (U.S. Plastics, Lima, OH).
A final volume, including the clot, of 3 mL was drawn into the tubes each time. End-joined tubes
were placed onto the Chandler Loop and rotated at 40 RPM for the duration of 60 minutes. Plasma
was sampled at 0, 30, and 60 minute and read via spectrophotometer. Clot masses were collected

at the end to calculate percent of clot mass lost.
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6.3.8 RT-FIuFF Assay Construction

A physiological scale in-vitro blood flow device was developed to offer laminar flow at an
adjustable shear rate for clot analog digestion experiments. The flow device consists of a peristaltic
pump system -Masterflex EasyLoad II pump and 1.5 feet #15 peristaltic tubing (Masterflex,
Gelsenkirchen, Germany), a 50 mL tube reservoir (Corning Scientific, Corning, NY), and a flow
dampener, which are connected by 5/32” Tygon tubing pieces (r = 0.002 m). To offer a non-
contact flow at a desired output, a peristaltic pump was used and Q = 138.6 mL/min. The dampener
further mitigates the peristalsis by the pump to provide for an approximate laminar flow pattern.
Dampener were designed in three different sizes although the largest 60cc was used for this study
(Figure A.21). Two disposable pressure sensors (A and B) were placed at a distance of L,z = 0.4
m before and after the clot. A monitor (Siemens, Munich, Germany) was employed to supervise a
pressure-drop (AP) reads to confirm the model is abided by the Navier Stoke equation:

8
ap = K0
nr*L,g

Since flow conditions can change due to a change in tube dimensions, an entrance length

(Xe) should be considered:
Xe = 0.113RRe

Beyond Xe, laminar flow is fully developed which merely depends on radial position than
both radial and axial position.[20] The real-time clot digestion monitoring was achieved by
incorporating a portable fluorometer positioned directly after the clot. The fluorometer includes a
flow chamber cuvette, 450 nm laser diode, 520 nm long pass filter, and a 550 nm sensitive
photodetector. Signal was processed by an operational amplifier circuit forwarding to an Arduino
micro-chip for record (Arduino, Somerville, MA) (Figure A.22). The fluorescence monitoring
performance of the device was demonstrated by comparing reads with a commercial spectrometer.
Fluorescence reads were obtained every 30 seconds by default unless otherwise specified. To
guarantee a fully developed laminar flow pattern, clot analogs were positioned at a calculated

entrance length from the last bifurcation.
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6.3.9 RT-FIuFF Digestion Assay

FhF labeled whole blood clots were employed in the RT-FIuFF Assay for digestion study.
Each clot was fixed in the tubing using a 31-gauge syringe needle at one-tenth the distance from
the clot head. To mimic human pulmonary flow conditions, the reservoir was heated at 37 °C and
lifted to 8 cm above the clot level to give an average flow pressure of 12 mmHg, and the pump
rate was adjusted to generate a ~ 400 s*!' shear flow (no clot). For each experiment, the model was
perfused with newly thawed pooled plasma at a premixed Alteplase level of 0, 40, 200, or 1,000
ng/mL. Clot digestion was monitored utilizing the inline fluorimeter. Flow pressure, clot

appearance, and clot break-off times were recorded.

6.3.10 Shear-Stretch Analysis

Chandler loop-formed whole blood clots were fixed in the RT-FIuFF assay tubing using a
31-gauge syringe needle at one-tenth the distance from the clot head. PBS was flowed through the
system at various rates of shear including 0, 300, 600, and 900 s!. Clots were allowed to stretch
and equilibrate at each shear for two minutes prior to video capture. Quantification of the video
frames was conducted utilizing ImagelJ in which clot length could be accurately measured from
clot head to clot tail. Percent change in length could then be calculated based on respective initial

lengths - i.e., no shear condition.

6.3.11 Statistical Analysis

All data was collected and processed using Microsoft Excel. ANOVA analysis was used
to ascertain statistical differences among groups with three or more conditions, followed by a
Tukey test for individual subset comparisons. Student t-tests were utilized to compare two
categorical variables between each other. Statistical significance was deemed to be a p-value <
0.05. A single asterisk denotes a p-value < 0.05, double asterisk denotes a p-value < 0.01, and

triple asterisk signifies a p-value < 0.001.
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6.4 Results
6.4.1 Generating a Physiologically Relevant Clot Analog

A common means of introducing fluorescence into clot analogs is using FITC labeled
fibrinogen [17-19]. The selection of FITC as the reporter for fibrinolysis has been thoroughly
studied previously; however, no systematic study has been published examining the potential
effects on whole blood clotting and clot analog characteristics that addition of exogenous FhF
might have. Common concentrations of FhF utilized for clot studies range anywhere from 0.0075
to 0.6 mg/mL using 1 to 15 FITC per fibrinogen with no justifications as to why a particular
concentration or labeling density is preferred.[21-23] To create a truly representative thrombolysis
system relying on FITC-Fibrinogen (FhF) labeling, it is necessary to optimize the ratio of Native
fibrinogen to FhF present in whole blood samples, aiming to obtain the highest level of
fluorescence labeling that would not sacrifice clot integrity and architecture. Clotting mixtures
were prepared by adding FhF (14-FITC per human fibrinogen) to whole blood at ratios of native
fibrinogen to FhF at 1:0 (control), 50:1, 10:1, and 5:1. Thromboelastography (TEG) was elected
to compare clotting parameters across groups. Increasing the amount of FhF added to whole blood
noticeably led to decreased maximum amplitude (MA or TEGM®), increased time to maximum
amplitude (TMA or TEG"™°), and decreased angle (Figure 6.2).

A statistically significant drop in clot strength was first noted at the 10:1 ratio where
TEGM# had fallen from 61.8 mm in the control group to 58.4 mm (P = 0.0208) and subsequently
reduced to 53.9 mm in the 5:1 group (P < 0.001). Significant differences in TEGT™ and alpha
angle were only seen in the 5:1 group, where TEGT™® had increased from 30 minutes in the control
group to 35.6 minutes (P = 0.010) with angle decrease from 63.7° in the control to 44.5° in the 5:1
group (P =0.013) (Figure 6.2C). The proposed RT-FIuFF system relies on the use of clot analogs
formed under physiologically relevant shear conditions. Thus, a Chandler Loop device was utilized
to further characterize labeled clots at the mentioned FhF ratios. Clot masses recorded at the end
of 60 minutes of clot formation did not deviate significantly between groups, the 5:1 group (103.6
mg) and the 10:1 group (102.6 mg) had nearly identical masses to clots in the control group (Figure
2A; 103.2 mg). Interestingly, subsequent digestion of the clots under shear, with Alteplase (tPA),
suggested increased levels of clot digestion in the 10:1 group (50.4% clot mass lost) compared to
no FhF control (40.1% clot mass lost) however there was no statistical significance to this

difference (Figure 6.2D).
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angle in the various FITC-Fg groups explored during optimization. (D) Percent clot mass lost
during digestion of Chandler-loop made clots utilizing various ratios of FITC-Fg. Clot digestion
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Grossly, clots between the various FhF ratio groups and control were similar to one another,
with exposure to UV light highlighting the increasing fluorescence intensity expected from
increasing FhF incorporation at higher ratios (Figure 6.3B). H&E staining of the clots revealed
the loss of the packed fibrin motif in the 5:1 group’s clot region that were seen in all other groups
including 10:1 (Figure 6.3C). Of note, clots formed utilizing the 5:1 ratio had a more fragile feel
during the handling process compared to any other group. Epifluorescence conducted on
microtomes of the same clots from H&E staining once again displayed the increasing levels of
fluorescence expected with increasing FhF incorporation (Figure 6.3C). Both the 10:1 and 5:1
group appeared to have adequate levels of fluorescence at the 150 ms while 50:1 group was too

dim. All FhF groups demonstrated relatively uniform FhF incorporation throughout the clots. The
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10:1 ratio of FhF was utilized for all subsequent testing as this ratio best balanced increased

fluorescence incorporation with minimal deviation of baseline clotting parameters.
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Figure 6.3. (A) Masses of clots formed in the Chandler loop utilizing the control (0:1), 50:1,
10:1, and 10:1 FhF groups. (B) Gross images of clots formed in the Chandler Loop using varying
FhF ratios under room light (top row) vs UV light (bottom row). Scale bars represent 20 mm. (C)
H&E and epifluorescence images acquired of Chandler loop clots from respective ratios of FhF.
White arrow indicates fibrin dense regions. Note the loss of fibrin dense regions in the 5:1 group,

indicating significant perturbation of clot architecture. Scales bars represent 2 mm.

6.4.2 RT-FIuFF Assay Device Characterization

The overall design of the RT-FIuFF assay was pictured (Figure 6.1B). Ultimately, the
system 1is a peristaltic pump with a pulsatile-flow dampener that can facilitate physiologic levels
of steady shear and pressure in a versatile system that allows for good interchangeability of tubing

lumen size and geometry. Pressure sensors were placed before and after the clot location to
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quantify flow dynamics. Finally, an in-line fluorometer was incorporated to allow for real-time
monitoring of fluorescence in the flowing fluid as it passes through the fluorometer itself.
Utilization of a pulsatile-flow dampener helps reduce pressure fluctuations from peristalsis
to ensure the establishment of a laminar flow in the region of the system where clots were loaded
and digested. Laminar flow dynamics were first confirmed by matching monitored pressure drop
across the two sensors to a theoretical value calculated through the Hagen—Poiseuille equation in
the absence of clot. The dampening effect was further demonstrated by having up to a 3-mmHg
difference between systolic and diastolic pressures at any given sensor, compared to a ~55 mmHg
average fluctuation in un-dampened conditions within ~ 300 — 1,000 s shear (Figure 6.4A and
6.4B). Importantly, the developed system was able to withstand pressures of up to ~ 140 mmHg
at extremes; however, running pressures were generally kept between 8 - 20 mmHg to simulate

physiological pressures expected in the pulmonary arteries (Figure 6.4C and 6.4D).
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Figure 6.4. Systolic-diastolic pressure difference outlined in (A) pressure sensor A and (B)
pressure sensor B in various systemic pressure settings as well as in dampened versus
undampened settings. Height (inch) refer to the displacement of output drain from the pressure
sensors. Absolute systolic pressure readings at (C) pressure sensor A and (D) pressure sensor B
over a wide range of pump shear rates.
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Validation of the fluorometer was initially conducted under static conditions and compared
against a SpectraMax M5 spectrometer. Sequential dilutions of FhF were carried out in PBS and
readings were taken using both the commercially available spectrophotometer and the in-house
designed fluorometer. A linear correlation (r = 0.9997) was observed with an R? of 0.9987 for the
fluorometer and 0.9996 for the spectrometer (Figure 6.5A). To test the sensor’s ability to capture
repeated fluorescent signal introductions and subsequently achieving signal stability, Fluorescein
was introduced into the system in a series of 5 uL injections (4.2 mmol) upstream of the
fluorometer, allowing for 2 minutes of equilibration after each injection into the ~45 mL total
volume of the system. On average, each introduction of Fluorescein led to a rise in fluorescence
of 62.8 + 7.4 RFU (Coefficient of variance = 11.8%; Figure 6.5B). Following sensor validation
and given the continuous nature of clot digestion in-vivo, our focus shifted to perfusion of pooled
plasma at 400 s*' with continuous infusions of fluorescein or FhF into flowing plasma (Figure
6.5C). Equivalent total fluorescein molecular amounts (0.021 pmol) and infusion rates (1,000
uL/hour) were utilized between both groups to ensure accurate comparisons. Notably, the rise in
RFUs was slightly different with 7.16 RFU/minute for fluorescein vs 6.04 RFU/minute for FhF.
Additionally, the final plateau reached in the fluorescein group was higher than that of FhF: 441
vs 365 RFU, respectively (Figure 6.5C). Calculation of fluorometer RFU contribution from FhF
introduction showed that 1 RFU corresponded to a rise in system FhF concentration by

approximately 0.1 nM.
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Figure 6.5. (A) Comparison between spectrophotometer and fluorometer in quantifying
fluorescence of a serial dilution of FhF. (B) Stepwise injection of Fluorescein into flowing
plasma with fluorometer data acquisition. (C) Continuous infusion of either FhF or Fluorescein
into plasma with fluorometer data acquisition.

Final system characterization revolved around understanding how a clot would behave
under various shear levels prior to the addition of thrombolytic drugs. Chandler loop-formed clots
were formed with either no FhF, 5:1, or 50:1 ratio of FhF, i.e., the upper and lower limits explored
priorly. Analysis of the percent change in clot length between the groups at various rates of shear,
0 to 900 s!, showed that clots underwent highly reproducible degrees of elongation with respect
to a given shear rate (Figure 6.6). The behavior of clots was very consistent between varying levels
of shear, ensuring that clots would be exposed to similar mechanical forces if thrombolytic drugs

were introduced.
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Figure 6.6. (A) Shear-induced clot analog stretching. Individual colored bars represent 0, 300,
600, and 900 s*! wall shear rate. (B) Change in clot length (%) is relative to the clot length under
0 s! shear. Note the relative uniform stretching of clots in response to varying levels of shear.

6.4.3 Quantifying Fibrinolysis in Real-Time

Noting both the consistency of the in-line fluorometer and the reproducibility of forming
FhF incorporated clot analogs, the RT-FIuFF assay was ultimately performed. The clot analog was
fixed at a 36 cm entrance length away from the first pressure sensor to ensure fully developed
laminar flow profile. Clot digestion experiments were conducted using plasma and varying tPA
concentrations: 0, 40, 200, and 1,000 ng/mL. Clot dissolutions were observed in all groups
although the extent varied based on tPA concentration. Thrombolysis was monitored by a rise in
fluorescence within the plasma as FhF was released from the clots themselves, and rates of
digestion could be extrapolated from the slopes of the linear phases of the generated scatter plots
(Figure 6.7A and Figure A.23). Of note, the linear phases generally developed 10-minutes from
the time tPA was added and flow was stabilized. In addition to drastic rises in fluorescence,
thrombolysis was also readily observable as fibrin degradation led to changes in both clot surface
morphology as well as structural stability in response to mechanical shear forces (Figure 6.7B).
Increasing concentrations of tPA led to consistently noticeable rises in rate of clot digestion - i.e.,
greater rates of fluorescence release (Figure 6.7C). The rate of digestion in the 40 ng/mL tPA
(0.53 RFU/min) group did not significantly differ (P = 0.308) from the background rise in
fluorescence measured from plasma in the 0 ng/mL tPA (0.43 RFU/minute) control group.

Addition of 200 ng/mL of tPA led to a statistically significant (P = 0.008) rise in the rate of
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thrombolysis up to 0.73 RFU/min with 1,000 ng/mL of tPA further raising the slope to 1.17
RFU/min (P <0.001).

We investigated digestion differences associated with pressure driven flow in the RT-
FIuFF versus non-pressure driven flow in the Chandler loop or static digestion conditions. Similar
to the data seen in the pressure-driven flow of RT-FIuFF, the rate of fluorescence release increased
with increasing tPA concentrations for both static and Chandler loop conditions (Figure 6.7D and
6.7E). Rises in the rates of fluorescence release were observed at the 40 ng/mL tPA condition for
both static and Chandler loop digestion assays, these differences were both statistically significant
compared to their respective control groups. The aforesaid is similar to the 200 ng/mL and 1,000
ng/mL tPA conditions that also reached statistical significance in Chandler loop digestion and
static digestion. In addition to collecting fluorescence release as a proxy for thrombolysis, degree
of clot digestion was also assessed based on the percentage of mass lost over the duration of the
digestion assay. Interestingly, across all the tPA concentrations, digestion in the RT-FIuFF assay
was consistently slightly higher than in the Chandler loop; however, these differences were minor
and statistically not different (Figure 6.7). As an example, percent clot mass lost at the 1,000 ng/mL
tPA condition was 79.9% in the Chandler loop versus 85.9% in the RT-FIuFF assay (P = 0.564).
Large reductions in percent clot mass loss were seen when comparing either of the dynamic
digestion assays with the respective static condition (Figure 6.8A). Comparing the 200 ng/mL tPA
condition across all digestion modalities we saw a 26.4% reduction in clot mass for the static
condition in contrast to 47.5% and 53.5% in the Chandler loop and RT-FIuFF assay respectively
(ANOVA P = 0.003). Of note, although not statistically significant, a ~10% difference was seen
in percent mass lost between both dynamic conditions at 0 ng/mL of tPA and the static condition

at 0 ng/mL of tPA.
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Figure 6.7. (A) Representative scatter plot outlining rise in fluorescence over course of
thrombolysis in respective tPA conditions in the RT-FIuFF assay. (B) Representative example of
gross changes that clots undergo 200 ng/mL tPA digestion illuminated under UV-light. Plot of
linear-phase digestion rate by spectrometer captured in (C) RT-FIuFF, (D) Chandler loop, and
(E) static conditions at varying tPA concentrations.

Lastly, we performed correlation analyses between the percent mass lost during digestion
and the rates of digestion as documented by rises in fluorescence from fluorescence release in each
respective digestion assay. The strongest correlation was seen in the static digestion assay where

a linear correlation coefficient of 0.91 was seen between percent mass loss and the rate of

141



fluorescence rise during thrombolysis (Figure 6.8B). Both dynamic digestion conditions exhibited
similarly strong linear correlations to one another albeit less than the static condition. The
correlation coefficient for the RT-FIuFF assay was 0.78 compared to 0.81 in the Chandler loop
(Figure 6.8C and 6.8D).
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Figure 6.8. A) Percent clot mass lost based on various concentrations of tPA and varying
thrombolysis modalities. B) Correlation analysis for static digestion. RFU as tracked by the
spectrophotometer. C) Correlation analysis for Chandler loop digestion. RFU as tracked by the
spectrophotometer. D) Correlation analysis for the RT-FIuFF assay. RFU as tracked by the
fluorometer.

6.5 Discussion
6.5.1 Optimization of FITC-labeling

One of the aims of the current study was to characterize and validate the design of a
physiologically relevant in-vitro model for thrombolytic drug screening. Fibrinolysis is an
important step in the dissolution of any thrombus and our study elected to track fibrinolysis via
fluorescence release for more informative clot digestion tracking. Ideal clot reporters should have

a minimal labeling impact to clot properties whilst maintaining a high fluorescence intensity for
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ease of reporting and imaging. In prior studies, we have reported the effect of varying multiple
clotting components including reporter conjugated fibrinogen on fibrin clot properties.[18, 24]
This study extended the scope and explored the impact of varying FITC conjugated fibrinogen
levels on whole blood clots. Based on our TEG results, Chandler loop clot
weights/appearances/fibrinolysis behavior, and clot H&E histology our proposed optimal labeling
method is to mix whole blood with 14 FITC labels per human fibrinogen to a final concentration
of 0.3 mg/mL. This added exogenous FITC-fibrinogen corresponds to one-tenth of the average 3
mg/mL fibrinogen content expected in pooled whole blood from healthy volunteers.[25] Based on
our results, this 10:1 ratio of native fibrinogen to FhF corresponds with minimal perturbation of
clotting parameters and ultimate clot histology/appearance whilst maximizing fluorescence
intensity. Lower fluorescence intensity is to be expected if lower FITC per fibrinogen molecules
or lower overall FITC-fibrinogen concentrations are used to achieve a similar impact-free labeling.
On the other hand, addition of greater amounts of reporter begin to drastically impact resulting
clotting parameters as well as the underlying structure of the clot itself. The above was suggested
both through TEG results, particularly the fall in TEGM®, prolongation of TEG™™, and fall in
angle, in addition to H&E analysis of the 5:1 FhF group that displayed minor alterations in fibrin
organization. H&E analysis of the 5:1 FhF group demonstrated impaired formation of fibrin-rich
regions expected within physiologic clots. Lack of such packed fibrin regions likely impacts
physical properties of the clot, particularly its mechanical strength, as we experienced during the
clot handling process.[26] Interestingly, studies done on the effects of fibrin carbamylation, the
same reaction that FITC undergoes with fibrinogen, have shown nearly identical results to ours in
terms of perturbations in clotting parameters. Binder et al. were able to show that carbamylation
of fibrin led to decreased rates of polymerization, decreased fibrin cross-linking, and even
increased propensity to clot lysis.[27, 28]

Our proposition for the ideal ratio of FhF to native fibrinogen should be not viewed as the
ultimate standard to be utilized across all assay designs considering that various assays might
demand varying levels of reporters. Rather, this data should be used as a guide to others if their
aim is to generate physiologically relevant clot analogs for subsequent analysis of fibrinolysis.
Additionally, one could easily propose using alternative reporters, labeling strategies, or increasing

the utilized FhF concentration at the expense of decreasing the number of FITC molecules per
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fibrinogen, a possibility we did not explore in this paper specifically to maintain a higher degree

of native fibrinogen in the assay.

6.5.2 Thrombolysis and Fluorometric Monitoring of Fibrinolysis

Thrombolysis, in particular fibrinolysis, was accomplished utilizing tPA introduced into
human pooled plasma. Thus, leading to activation of both plasminogen within the plasma itself, in
addition to endogenous plasminogen incorporated within the clot analogs during the process of
clot formation. We aimed to understand fibrinolysis via two primary means commonly presented
in the literature - static and dynamic digestion, with dynamic further subdivided into Chandler loop
versus RT-FIuFF.

Inherit limits of fibrinolysis detection are reliant on the degree to which FhF is released
into solution and the extent to which fluorescence signal is quenched by other particles in the
solution — including other FhF molecules themselves. Fibrinolysis was able to be detected at our
lowest tPA concentration of 40 ng/mL of tPA in the RT-FIuFF assay, as seen by a rise in the rate
of fluorescence release compared to baseline; however, this difference was not statistically
significant. The blunted rise in fluorescence signal could stems from potential fluorescence
quenching triggered by a faster release of loosely incorporated red blood cells (RBCs) from the
surface of the clot. The intensity of released FhF quenched as hemoglobin absorbs photons near
the wavelength at which FITC emits them upon excitation.[29, 30] We also documented inherit
FhF quenching in the experiments comparing rates of fluorescence rise between fluorescein and
FhF infusions. This, inherent FhF quenching could also contribute to smaller rises in fluorescence
than anticipated as well. The relatively less fluorescence release at the 40 ng/mL of tPA condition
are not able to significantly overcome the effects of RBC fluorescence quenching that stem from
initial, and continued, RBC wash off from the RBCs loosely coating the clot surface. On the other
hand, higher concentrations of tPA lead to drastic rises in FITC labeled fibrin degradation products
thus diminishing the impact of the RBCs. Additionally, the inherent rise of baseline plasma
fluorescence over the course of 60 minutes of digestion in the RT-FIuFF assay also means a
decrease in the absolute difference between our control and 40 ng/mL group, thus making
statistical significance more difficult. As anticipated, greater concentrations of tPA led to more

rapid rises in FITC signal, hence increased fibrinolysis, regardless of the digestion modality.
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Although tPA concentrations were conserved between all digestion modalities, mechanical
dissolution of the clots stemming from shear forces were not identical. It is these mechanical forces
that drive clot mass loss as RBCs get released from the clot upon fibrinolysis.[31] In the static
digestion condition, minimal mechanical shear forces are present and thus RBC washout is
minimal, leading to smaller degrees of clot mass loss compared to dynamic conditions which were
similar in their degree of clot mass loss since the two conditions shared similar shears. Increased
RBC release is also suggested by the fact that the RT-FIuFF assay does seem to maintain a higher
degree of percent clot mass lost during digestion at comparable tPA concentrations. This rise stems
not from direct increased fibrinolysis but rather increased RBC release due to mechanical shear
forces from pressure-driven flow acting on a degrading fibrin network within the RT-FIuFF
assay.[32] Additional thrombolysis also stemmed from the mechanical effects of shear in the realm
of facilitating dynamic plasminogen interactions with the clot analogs themselves. Prior
publications have shown that increasing levels of shear, as well as turbulent flow, allow for greater
plasma/plasminogen penetration into the interior fibrin network of clots.[14, 33]

Correlation analyses conducted for each digestion modality indicated that static digestion
protocols had the highest correlation of clot mass lost to rate of rise in FhF concentration within
plasma. Meanwhile, both dynamic fibrinolysis experimental setups maintained lesser, yet similar,
degrees of linear correlation between clot mass loss and a rise in fluorescence. These results are
expected when bearing in mind the prior discussion of the importance of mechanical shear forces
during thrombolysis. Overall, less linear correlation was seen due to the fact that a given rise in
fluorescence release is met by a greater reduction in clot mass than expected based on static
digestion, attributable to greater non-fibrinolytic clot mass loss from RBC extrication secondary
to mechanical forces induced by shear.[34, 35] Additionally, there is increased potential for FhF
to adhere to the tubing within the Chandler loop or RT-FIuFF assay compared to simple static

digestions, thereby also decreasing the linear correlation coefficients.

6.5.3 Limitations of the in-vitro Thrombolysis Model

Although Chandler Loop-formed clots bear good resemblance to native thrombi, the flow
conditions generated in the device are not perfect. The circular loop geometry is prone to the
formation of Dean flow.[36] This could mean clots formed in the device are a less direct reflection

of the effects of shear. Thus, the present in-vitro platform can genuinely benefit from the utilization
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of clot analog formation techniques ideally incorporating pulsatile flow, or even retrieved patient
thrombi labeled with FITC-linked fibrin binding peptides.[37] The portable fluorometer we
designed is capable of tracking FITC fluorescence signals in plasma, as plasma has low
background fluorescence values with the wavelengths used. However, fluorescence signals can be
significantly quenched by RBC release even at levels as low as 0.1% v/v within the system. This
is in part due to a 550 nm sensitive photo sensor used for signal acquisition, a wavelength
overlapping with RBC absorption at 538 nm.[30] Although experiments were not largely affected,
since our digestion medium was plasma, different fluorophores or different photosensors would
be recommended for studies that aim to utilize whole blood as a medium. Additionally, reliance
on FITC-fibrinogen presents the issue of fluorescence quenching due to FITC residue burial within
the protein complex.[38] To ensure stable shear with laminar flow was achieved in the RT-FIuFF
assay, a dampener was utilized to reduce pressure fluctuations associated with the peristatic pump.
While this provides a high degree of digestion control and consistent flow field development, it

does not fully encompass the native pulsatile flow in the body.

6.6 Conclusions

Thrombolysis and fibrinolysis are very dynamic processes whose accurate characterization
requires numerous repeat observations over a short period of time. Thus, commonly utilized means
of quantifying fibrinolysis/thrombolysis such as endpoint reads, whether changes in mass or
absolute rises in fluorophore release, may not truly capture the entire process. The RT-FIuFF
model can help bridge this gap by providing a means of real-time fluorescence monitoring in the
context of a flowing system with great fidelity. This allows the user to capture both the
instantaneous rates of fibrinolysis in addition to dynamics such as initial lag phases that potentially
represent both tPA binding and infiltration, as well as mechanical clot digestion. In addition to
mimicking in-vivo flow, and allowing for live fluorescence monitoring, our system also maintains
numerous other benefits: (a) interchangeable tubing geometries/configurations, (b) real-time
pressure monitoring as a means of quantifying degree of lumen occlusion, (¢) real-time
fluorescence measurements requiring no system intervention, (d) reading duration and frequency
flexibility, (e) incorporation of a reservoir to better recapitulate in-vivo conditions, (f) flow-
patterns generated resemble in-vivo conditions since the substrate is stationary with fluid flow-by,

in contrast to the Chandler loop, (g) option to include pulsatile flow, (h) live-imaging of substrate
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allowing for image analysis. Overall, the RT-FIuFF assay serves as a cost-effective and versatile

in-vitro tool in the development and screening of novel thrombolytic agents.
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7. PULSATILE EFFECT ON THROMBOLYTIC DRUG EFFICACY

Content of this Chapter is being prepared for a journal publication review.

Continued from the previous chapter in developing a representative in-vitro flow model for
thrombolytic drug evaluations, this chapter describes the modification of the RT-FIuFF model to
include pulsatile flow dynamic features and study the impact of pulsatile effect on thrombolytic

drug efficacy.

7.1 Abstract

Thromboembolism lodged near the main pulmonary artery (MPA) accounts for most of the
pulmonary embolism (PE) related mortality. Developing an in-vitro model that mimics MPA flow
dynamics can benefit the design of novel thrombolytic drugs. Steady shear models such as
microfluidic assays have been well-established to study thrombosis and thrombolysis. Models that
involve cyclic flows are often overlooked although the effect of pulsatility on drug activities have
been widely assumed. We herein report a design of an in-vitro flow model for studying the cyclic
pressure amplitude on thrombolytic drug induced clot digestion. Fluorescently labeled plasma
clots that are formed in a Chandler loop are placed inside an unbranched tubing after which an
MPA average pressure is established by elevating the outlet from clot site. 60-, 20- and 6-cc
dampeners are used to create pressure amplitudes that are £2, + 10, and = 20 mmHg, respectively.
Plasma is perfused at a MPA relevant condition (averaged wall shear rates = 913 s7') and two
slower flows (205 and 523 s!) with or without the addition of 1000 ng/mL tPA. Increased shear
contributes to both larger mechanical digestion and thrombolytic digestion. Increasing pressure
amplitude results in an increasing trend of fibrinolysis and clot mass loss. The human heartbeat
mimetic setup (523 s!), which has a 1 Hz pulsatile frequency, also confirmed an increased
fibrinolysis compared to its fully dampened counterpart at the same average volumetric flow rate.
These findings suggest that the pulsatile flow affects thrombolytic drug activities and increased

cyclic pressure amplitude can lead to increased clot digestions.
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7.2 Introduction

Thromboembolism lodged near main pulmonary artery (MPA) accounts for most of the
pulmonary embolism (PE) related mortality.[1, 2] Developing an in-vitro MPA flow condition to
study thrombolytic therapy can benefit the design of novel thrombolytic drugs and improve dosage
prediction for a thrombolytic therapy. Common methods to study in-vitro thrombolysis under flow
is through creating an ex-vivo wall shear condition where laminar flow and continuous pressure
are in use. Lumen dimensions and volumetric input are usually adjusted to get a desired luminal
wall shear rate to mimic a blood vessel shear condition. While studying steady-state shear or
continuous pressure effects on clot digestion is useful, modeling flow pulsatility generated by the
human heart also demands research attention as it more closely represents in-vivo hemodynamics.
Although pulsatile flow and cyclic wall stress have long been considered to impact in-vivo drug or
enzyme activities, only a few studies have explored this relation in the past and the information on
how pulsatile pressure amplitude affects the thrombolytic efficacy is missing.[3-5] To facilitate a
good communication in this manuscript, we refer pulsatile pressure amplitude as the pulsatile
pressure difference between systolic and diastolic pressure over a cardiac cycle. Pulsatile pressure
amplitude can have a huge variation due to diversified vessel geometry and pathological conditions
in human vasculature. For instance, it can be 25 mmHg in the right ventricle and 15 mmHg in the
pulmonary artery of a normal patient and as high as 80 mmHg in pulmonary artery hypertension
(PAH) patients.[6, 7] In clinical settings, physicians have adopted the pulsatility index, which is a
dimensionless adaption of pulsatile pressure amplitude, for diagnosis and treatment monitoring.
Pulmonary artery pulsatility index (PAPI) plays an important role in detection of thrombosis
related right ventricle failures and correlates with better patient survival rates after treatment. The
PAPI is defined as the difference between systolic and diastolic pulmonary artery pressure divided
by central venous pressure. [7-9] Therefore, it is important to address the effect of varying pulsatile
pressure amplitude on thrombolytic drug efficacy.

Importantly, the increased complexity by involving flow pulsatility demands an in-vitro
flow model to have as much physiological relevance as possible. Since it is often unpractical to
directly perfuse blood at a human heart output level, researchers often adopt a down-scaled in-
vitro setup to save experimental resources. Matching an averaged wall shear value in a scaled
design fails to recapitulate critical components of native flow dynamics. For example, microfluidic

assays using a submillimeter lumen could end up having a below unity Reynolds number, which
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is indicative of a highly ordered laminar flow that is largely distinct from that of major blood
vessels. According to Buckingham-Pi theorem, a better kinematic similarity can potentially be
achieved by having identical dimensionless factors. These include ratio of length scales to ensure
a dimensional similarity, Reynolds number to have a similar flow pattern, and Fanning friction
factor to have a comparable fluid shear effects on lumen surfaces. When the pulsatile flow is
relevant, Womersley number should also be matched to that of the target in-vivo condition to keep
dynamic similarity.[10, 11] Womersley number gives a unique pulsatile flow profile which varies
by vessel diameters in human blood at a given heart rate.[12, 13]

In this study, we elected to create an in-vitro MPA flow condition to explore the pulsatility
impact on thrombolytic drug induced clot digestion.[1] Given that average blood output in MPA
is about 5.2 = 1.0 L/min where average Re = 1570 + 404 with a maximum volumetric flow of 21
L/min, a down-scaled macroscopic in-vitro flow model should be adopted.[14] And thus, we
modified our previously developed steady flow RT-FIuFF, the unbranched tubing loop model, into
a setup that can provide for pulsatile flow. To mimic the kinematic dynamics in MPA, parameters
in the RT-FIuFF model were adjusted to match an averaged Re where Q is the averaged volumetric
flow rate of a pulsatile cycle, D is the lumen diameter and v is the kinematic viscosity using the

following equation:

Qmodel _ QMPA

Dmodelvmodel DMPAVMPA

The fanning friction factor is dependent on Re. The Womersley number is also matched

using the equation below where f is the pulsatile frequency:

D fmodel =D fMPA
model — YMPA
Vmodel Vmpa

Additionally, the diameter of the peristaltic in-pump tubing, which is different from the

D,noae1, Should be selected based on the calculated volumetric flow output Q,,,54¢; Of the peristaltic
pump. Since model pulsatile frequency f;,,4¢; 1S dictated by the product of roller numbers and
revolution per minute of the pump, which also dictates Q,y,,4¢;, the following equation should also
be obeyed.

fmodel

Qmodel = 1L/min *

153



The calculated model condition aims at providing an MPA relevant flow dynamics to study
the effect of pulsatile pressure amplitude on thrombolysis. Through further adjusting the
dampening efficiency to the oscillation generated by the peristaltic pump, pulsatile pressure
amplitude can be further tuned in the RT-FIuFF model, where the flow can have different transient
Re although an average value is still maintained. We used three different dampeners with adjusted
air capacity to obtain three levels of pressure amplitude (4, 20, and 40 mmHg) at a calculated MPA
relevant condition (Figure A.21). To offer a more comprehensive examination on pulsatility
impact, we further adopted two extra volumetric flow rates to study thrombolysis at different
dampening levels while keeping all other model variables the same. Additionally, given that all
model frequency employed thus far were larger than that of the actual human heart, we conduct
thrombolysis experiments using a human heart mimetic pulsatile flow (1 Hz). This human
heartbeat setup may not give similar MPA flow dynamics but can provide a human relevant
pulsatile frequency that benefits the understanding of the impact of pulsatility. Fluorescently
labeled clot substrates were formed in a Chandler loop device. These substrates were then placed
inside the RT-FIuFF model to assess thrombolysis with or without tPA (Alteplase). Both
fluorescence release and clot mass loss were recorded to indicate mechanical clot digestion and/or
a tPA induced thrombolysis. In all, by incorporating mimetic flow dynamic features, the modified
RT-FIuFF model can provide a similar MPA flow dynamics and offer a representative platform to

study pulsatile flow on thrombolytic therapy.

7.3 Materials and Methods
7.3.1 Pulsatile RT-FluFF Model Setup

The RT-FIuFF model was assembled following a protocol mentioned in chapter 6 (Figure
6.1). The model includes a peristaltic pump (Masterflex EasyLoad II), in-pump tubing (1.5 feet
#6415, Inner Diameter= 3/16 inch; Masterflex, Gelsenkirchen, Germany), two pressure sensors
(Disposable IBP transducer), a dampener, a 50 mL reservoir (Corning Scientific, Corning, NY),
and an in-line fluorometer, which are connected by 5/32” (Inner diameter = 0.004 m) tubing pieces
(Tygon MD 100-65). Two pressure sensors (sensor A and sensor B) were located before and after
the clot site in a straight tubing to monitor the pulsatile flow pressures. Dampeners were made via

fitting a 5/16” (Inner diameter = 0.008 m) tubing segment to the tip of three different sized plastic
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syringes (6 ml, 20 mL, and 60 mL) noted as 6, 20, and 60 cc. A three-way connector was used to
incorporate the dampener into the flow loop. Plunger positions of dampeners were adjusted to be
spontaneously balanced at a 187 RPM pump rate. This result in 1 mL, 5 mL and 60 mL in 6 mL,
20 mL and 60 mL syringes yielding pressure differences between systolic and diastolic of 4, 20
and 40 mmHg, respectively. In all experiments, liquid only oscillates in the fitted tubing segment
without going into the syringe indicating a good retaining of total circulating fluid.

Flow parameters in the in-vitro model can be solved using equations mentioned in the
introduction. Clinical MPA data were used as a guide while actual Re and alpha values were
calculated based on the basic properties shown in Table 7.1. [15] Importantly, we elected to
perfuse the in-vitro model with platelet-free plasma to create a relatively clear background for real-
time fluorescence monitoring. The reservoir is elevated to match average pressure at pressure
sensor B (the second pressure sensor) to an average human MPA pressure which is 12 mmHg. A
fluorescently labeled clot substrate is fixed immediately before pressure sensor B to match ratio of
length scales of the MPA.

The human heartbeat setup, noted as 1Hz on/off, was achieved by modifying peristaltic
pump to include an in-house developed fingerbot that pushes the pump on/off button to give a
pulsatile flow frequency of 1 Hz. Flow turned on and off at a relatively instant manner generating
an approximately sinusoidal wave. The wave form can be confirmed by both pressure sensor A
and B in the RT-FIuFF. At the largely dampened (= 2 mmHg) 214 RPM pump condition, the
pressure curve revealed a smooth oscillation and gives a volumetric output at the same level of the

107 RPM (average wall shear rate = 523 s™') pump flow.

Table 7.1. Flow Parameters of RT-FIuFF model to mimic MPA

MPA RT-FluFF Model
Viscosity (pa-s) 0.0035 0.0012
Density (kg/m?) 1060 1025
Frequency (Hz) 1 16.76
Lumen diameter (m) 0.025 0.004
Volumetric flow rate (L/min) 5.2 0.268
Reynolds number 1337 1337
Womersley number 17.2 17.2

Note: MPA data are collected from a clinical study.[15]
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7.3.2 Clot Formation and Digestion

Fluorescently labeled plasma clots were formed in a Chandler loop device (Figure 5.1)
using FITC-human fibrinogens (FhF) mixed pooled plasma at an equivalent fibrinogen ratio,
which is plasma: FhF = 10:1. This protocol has been previously demonstrated to have minimal
impact to clot properties. A final concentration of 16.5 mM CaCl, was added to 2 mL plasma to
initiate clotting. The rotational rate of Chandler loop was kept at 40 RPM (500 s!) to mimic
pulmonary artery wall shear. Clots were formed for 1.5 hours, and products were gently blotted on
papers (Kimtech Science, Fisher Scientific, NH) before weighing.

Clot digestion experiments were conducted by perfusing blood type-matched pooled
plasma with or without the addition of 1000 ng/mL tPA in the RT-FIuFF model. Thrombolysis
was monitored for 30 minutes at three dampening levels and three pump rotational rates: 27, 107
and 187 RPM, corresponding to average wall shear rates of 205, 523, and 913 s”!, respectively.
Human heartbeat relevant experiment was performed at 214 RPM with the highly dampened setup
(60 cc dampener) and with the pump turning on and off at 1 Hz. With this on/off manner, results
at the on/off 214 RPM can be directly compared with those of the 107 RPM steady flow as they
share the same volumetric flow rate. All groups were repeated at n = 3 to 6. Readings in the in-
line fluorometer (Figure 6.1A) were taken with a 450 nm excitation and a 550 nm emission every
30 second. Reminder clots after digestion were collected from the RT-FIuFF model, blotted,
weighed, and transferred back into the reservoir for an overnight digestion. 1000 ng/mL tPA were
added to control groups for digestion. Fluorescence at 0 min, 30 min and time when the clot is
complete digested were taken in the spectrometer (excitation 495 nm, emission 519 nm) to

calculate digestion%.

7.3.3 Statistical Analysis

ANOVA analysis was used to ascertain statistical differences among groups with three or
more conditions, followed by a Tukey test for individual subset comparisons. Student t-tests or
Welch’s t tests were utilized to compare two categorical variables at equal or unequal sizes.
Statistical significance was deemed to be a p-value < 0.05. A single asterisk denotes a p-value <

0.05, double asterisk denotes a p-value < 0.01, and triple asterisk signifies a p-value < 0.001.

156



7.4 Results

This study explored the impact of pulsatile pressure amplitude on clot digestion with or
without thrombolytic drugs. Multiple conditions were mimicked in the RT-FIuFF model, among
which an MPA relevant flow condition is established through matching dimensionless factors by
using selected model components and a peristaltic pump rate of 187 RPM (average wall shear rate
=913 s*"). Three different syringes (60, 20, and 6 cc) were modified to function as dampeners to
create three pressure amplitudes at 913 s corresponding to 4, 20, and 40 mmHg, respectively.
Additional pump rate setups that are 205 s!, 523 57!, and a 1 Hz on/off 523 s°!, were also explored
at the same dampeners to comprehensively study pulsatile flow impact. Rates of fluorescence
release upon digestion were derived from fluorescence tracing curves monitored by the in-line
fluorometer to directly indicate clot digestion.

Significant differences were observed across no tPA control and 1000 ng/mL tPA at all
flow conditions (Figure 7.1). At 913 s°!, the MPA relevant flow dynamic condition, an increasing
trend of tPA induced clot digestion rate (19% increase of Sloperwrr, P = 0.0013) was observed
when pulsatile pressure amplitude increased from 4 to 40 mmHg. Similar trend was also observed
at 523 s (89% increase) and 205 s (51% increase) when comparing clot digestion rates at 4
mmHg (60 cc dampener) and 40 mmHg (6 cc dampener) although no statistical significance (P >
0.05) was noted because of the large variation in these experiment group. No such trend was shown
in zero tPA control groups at these flow conditions. This indicated that increasing pressure
amplitude at a given flow rate might not increase mechanical digestion but could result in an
improved thrombolytic drug efficacy. At any given pressure amplitudes, clot digestion rates were
higher at 913 s! than at 205 s*' in both tPA and no tPA groups. Strong statistical significances
were observed in tPA groups at 60 cc (P =0.0001), 20 mL (P =0.0107) and 6 cc dampeners (P =
0.006) and no tPA control groups at 60 cc (P = 0.017) and 6 cc dampeners (P = 0.015)
demonstrating both increased mechanical digestion and increased drug induced thrombolysis at a
higher RPM, or a higher average wall shear stress.

In addition, all pulsatile frequency employed in our model was higher than that of the
human heart. To explore the effect of human relevant pulsatility on thrombolysis, an additional
experiment was conducted by adding a human heartbeat pulsatile (1 Hz) to the highly dampened
(60 cc dampener) the 523 s! averaged shear condition. The heartbeat setup (523 s and 1 Hz on/ofY)

has an equivalent volumetric output as the highly dampened 523 s*!. tPA induced clot digestion
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rates were 63% higher (P = 0.0165) in the heartbeat setup than in the highly dampened 523 s°!
while an inversed result (P = 0.641) was seen when comparing no tPA groups. These results further
confirmed that the addition of pulsatility contributes to an improved fibrinolysis.

Similar results and trends were observed in Mass loss% and clot digestion% as clot
digestion rate results in all experiments. (Figure 7.2) Clot mass is not used as the primary factor
for monitoring thrombolysis in this study due to its limitation in accurately dictating plasma clot
digestion. Change in clot mass after digestion can reflect both change in clot dry weights and
change in the network’s ability in retaining water despite clots were similarly blotted in all
experiments. We shifted to use the percent fluorescence release to further document clot digestion
percentage. After 30 min clot digestion in RT-FIuFF assay, reminder clots were fully digested in
tubes. Clot digestion % was calculated based on ratios of sample fluorescence at 30 min release

and complete digestion that were both collected using a spectrometer.
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Figure 7.1. Clot digestion slope (RFU/min) by fluorometer in the RT-FIuFF model were
compared across three dampeners settings at (A) 913 s™!, (B) 523 57!, (C) 205 s}, and (D) 523 s°!
1Hz on/off setups. Significant differences between 0 and 1000 ng/mL tPA were shown. Single
asterisk denotes P-value < 0.05, double asterisk denotes P-value < 0.01, and triple asterisk
denotes P-value < 0.001.
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7.5 Discussion

The effect of pulsatile flow on thrombolytic drug activities has been poorly addressed in
the literature. Researchers tend to adopt continuous in-vitro flow models to evaluate drugs due to
their simplicity. Moreover, left ventricular assist devices (LVADs) are continuous-flow devices
that provide hemodynamic supports to patients with heart failure. The great clinical outcome of
LVADs also makes people wonder if pulsatile flow is genuinely an essential flow component in
humans as the steady flow offered by the pump does not largely affect organ functions. [16, 17]
This study explored the impact of pulsatile pressure amplitude on thrombolytic drug induced clot
lysis in a variety of pulsatile flow conditions including a human main pulmonary artery (MPA)
relevant in-vitro condition. In summary to our observation, higher pulsatile pressure amplitude
contributes to an increasing trend of tPA induced clot digestion rate. Through adding a human
heartbeat pulsatility to a continuous flow, we have also found a faster thrombolysis in the presence
1000 ng/mL tPA compared to that of the continuous-flow-only condition. This improvement in
thrombolysis was triggered by a synergistic effect of mechanical and drug-induced digestion. The
increase of transient trans-thrombus pressure ultimately contributes to a better drug permeation
into the clot and faster exposure of more drug binding and digestion sites.[18] Although a
difference in thrombolysis was observed at varying pressure amplitude, they are not as dramatic
since the statistics only support an increase of 19% from a pressure amplitude of 4 to 40 mmHg at
the MPA averaged shear condition. In addition, higher averaged wall shear stress in the presence
of pulsatile flow contributes to increased mechanical and drug induced clot digestion. These
findings agreed with results of steady flow models published elsewhere. [19]

This manuscript also introduced a method for creating an in-vitro pulsatile flow model
using a peristaltic pump with a tubing-based setup. Through matching dimensionless factors
including length scale, Re, and Womersley numbers of a human MPA, one could establish human
MPA relevant pulsatile flow dynamics in the unbranched straight tubing in-vitro setup. Importantly,
the model version described herein is a simplified demonstration as it focused on getting the same
averaged Re over a cardiac cycle, however, transient Re values dictate a better kinematic similarity
of MPA pulsatile flow. Matching the transient Re at systolic and diastolic phase constrains the
model pressure amplitude, and thus, we elected to match the average value for the purpose of this
study. In the MPA relevant model condition (averaged wall shear = 913 s7!), the 20cc dampener

which gives 20 mmHg pressure difference is the dampener that more closely captured the native
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MPA which has a pressure difference of ~15 mmHg.[20] Furthermore, one could also match Re at
every moment of the cardiac cycle to improve dynamic similarity. Another limitation of this study
is that we only employed platelet-free plasma clots as the digestion substrate. A whole blood clot
with components like a platelet contracting fibrin network could end up expressing a much
stronger resistance to thrombolytic drugs that might affect our pulsatile flow impact results. On
the other hand, native vessel geometry could still contribute to flow variation as well. Thus,
incorporating a 3D printed MPA can be a good future direction to continue the study of pulsatile

impact on thrombolytic drug activities.

7.6 Conclusions

Varying pulsatile pressure amplitude can affect thrombolytic drug efficacy on clot
digestion. Increasing pressure amplitude from 4 to 40 mmHg results in an increased trend of tPA-
induced clot digestion at a variety of pulsatile flow conditions including a human MPA mimicked
pulsatile flow (average wall shear rate = 913 s!) as well as slower pulsatile flows (205 and 523 s-
). A human heartbeat mimetic setup further confirmed the impact of pulsatile difference on
thrombolysis through a comparison to an approximately equivalent steady flow setup. Knowing
the difference in tPA-induced thrombolysis at varying pulsatile pressure difference can help
understand the mechanism of thrombolytic therapy in native vessels. The present findings also
suggest that incorporating a pulsatile flow in an in-vitro model is necessary to provides for a

dynamic and potentially more representative platform for evaluating thrombolytic drugs.
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8. FUTURE DIRECTIONS

Present in this dissertation is the development of in-vitro thrombolysis models leveraging
fluorescence signals for thrombolytic drug evaluations. We developed a static annular clot lysis
assay and a clot analog incorporated real time human relevant flow model with an optional
pulsatile variation. These two models can work together to comprehensively examine a
thrombolytic drug agent for properties including but not limited to fibrin affinity, blood fibrinolytic
potential, drug synergistic effects, drug interplays with blood components, drug permeation, and
drug thrombolytic efficacy under stasis, steady shear, pulsatile flow, and more representative
hemodynamics. Results can guide the design of novel drug agents, delivery methods,
thrombectomy methods, ultrasound aided treatments or offer the prediction of an optimal dosage
regimen.

The annular clot lysis assay is a well-characterized high throughput tool for the primary
screening of potential thrombolytic agents. Having good limit of detection, inexpensive material
components, and better physiological relevance than chromogenic or immunologic assays have
extended the assay’s feasibility for diagnosing impaired fibrinolytic potential of patient samples.[1]
Experiments conducted with the annular clot lysis assay in this dissertation are a proof-of-concept
study aiming at exploring the potentials of the assay. Patient trials will be required to further
illustrate its merits for both diagnosis of patient fibrinolytic potential and drug screening
applications as a tool in a personalized medicine thrombolysis approach for optimal treatment
selection. Specifically, patient own blood components can be used to form annular clot substrates
for selecting the best thrombolytic drug candidates. The setup can easily be adapted for an
automated instrument at a clinical laboratory to provide for faster and more reproducible results.
The 96 well plate design can be modified to an even more multiplexed setting like a 384 well to
allow for testing of more drug dosages and drug combinations at once, and reducing the minimal
requirement of a tested agent, which is extremely helpful for pilot studies.

Human relevant thrombi analogs were formed in an in-vitro Chandler loop setup in our
studies. Although their structures and compositions were observed to be very similar to those of
human thrombi which agreed with results from studies elsewhere, structural differences still
existed. These differences are due to two major reasons which are the over-simplified and not

representative flow conditions in the loop compared to the actual blood vessel and the
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replenishment of blood components.[2] The missing vessel walls in the device gives no lodging
site or collagen involvements for clot formation.[3, 4] Further, the absence of endothelial cells also
cannot facilitate the inhibition or secretion of factors such as tPA, PAI-1 and Prostaglandin 12
during clotting and lysis. These factors are responsive to shear conditions and can alter ultimate
clot properties and lytic resistance.[5, 6] When clots are formed over an extended period, failing
to replenish blood components result in a pseudo clot aging. Since the clot aging is quite common
in patients that can lead to clot enlargement and clot strengthening.[7] Therefore, it is necessary to
address these issues in future studies through modifying the Chandler loop or use a more relevant
setup or device for clot formation. Potential setups should not only emphasize the use of mimicked
vessel geometry but also incorporate representative initiation methods like focal injury, systemic
contraction, or the creation of a hypercoagulative state.[8]

Current in-vitro thrombolysis models usually represent native conditions using averaged
shear rates, but fail to address the diversified native flow dynamics caused by pulsatility, blood
vessel anatomy, and vessel branching, which can largely affect drug pharmacokinetics.[9, 10] The
present in-vitro flow thrombolysis model is a good starting point as it has matched both wall shear
rate and dimensionless factors such as length scale, Reynolds number and Womersley number.
This model has also characterized the pulsatility effect on thrombolytic drugs but can definitely be
improved by including additional physiological structures such as vessel geometry, branching and
valves where thrombi have been reported to be more prone to reside because of these structures.
Incorporating a 3D-printed patient-specific ex-vivo vascular graft into the flow model provides for
the development of more physiologically relevant flow dynamics and clot orientation. This then
leads to a complex transport problem, which is inherently difficult to solve by matching
dimensionless factors especially when it comes to convoluted blood vessel structure.
Computational fluidic dynamics (CFD) is a powerful tool that can predict flow dynamics in a blood
vessel.[11] CFD software allows for the creation of a time-varying 3D velocity field within the
lumen where spatial distribution of flow velocity, turbulence, and wall shear stress (WSS) can be
computed and visualized. Rather than merely matching averaged dimensionless factors, we can
leverage the CFD simulation tool to improve the design of the model to achieve a similar time
averaged WSS map in the ex-vivo vascular graft to those in native blood vessels. More
sophisticated thrombolysis situations such as the presence of stents or other in-vessel medical

devices, can be tested together with drugs in this model. Furthermore, as the advancement of 3D
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printing technology continues, the ex-vivo vascular graft may be printed using materials that have
similar mechanical properties as native blood vessels. Thus, the enabled vessel dilation or
constriction based on patient blood pressure changes can add more values to the evaluation of
thrombolytic drug in this model. In all, the proposed model has the potential to serve as a flexible
and representative platform for thrombolytic drug development to guide clinical thrombosis

treatment and diagnosis.
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Figure A.1. Turbidity tracings of bovine (A) and human (B) fibrin formation at different
fibrinogen concentrations (1, 2, 3, 4, 5 mg/mL) with 1 U/mL species matched thrombin.

60 - 50 -
1 e 5 mygy/mL. |
4 mg/mL
40 4
g 3 mg/mL 40 4 & maimL
g 20 2 mg/mL o 7 /__—.—-————z—_g mg,.mt
] . mg/m
s | E 20 1 2 mg/mL
= 0- . 1 mg/mL :’, .  maimL
= g0 : . : .
-_é . i 10 20 30 40 2 ) P 20 o "
] £-20 A
< << l \=
-40 ' e — _40 -
o 50
Time (min) Time (min)

Figure A.2. TEG tracings of bovine (A) and human (B) fibrin formation at different fibrinogen
concentrations (1, 2, 3, 4, 5 mg/mL) with 1 U/mL species matched thrombin.

Table A.1. Viay, Lag time, o Angle and R in Varying Fibrinogen Concentration on Fibrin Formation

Fibrinogen Concentration 1 mg/ml 2 mg/ml 3 mg/ml 4 mg/ml 5 mg/ml
Vimax Bovine (Munit/min) 20.5+4.7 60.5£7.6  115.3£10.4 147.6%6.5 212.9+10.4
Vmax Human (Munit/min) 25.2+1.7 53.143.4 83.243.7 122.948.5  158.7£9.2
Lag time Bovine (min) <0.5 <0.5 <0.5 <0.5 <0.5
Lag time Human (min) <0.5 <0.5 <0.5 <0.5 <0.5

o Angle Bovine (deg) 55.9% 70.5 75.6 74.5 70.1

o Angle Human (deg) 39.6* 61.6% 55.7 49.5 47.7
RBovine (min) 1.2 1.2 1.3 1.6 1.9
Ruuman (mln) 1.4 1.6 1.5 1.8 1.8

Note: * denotes the angle value of the group whose MA does not reach 20 mm
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Figure A.3. Turbidity tracings of bovine (A) and human (B) fibrin formation at different thrombin
concentrations (0.1, 0.3, 0.6, 0.8, 1, 2.5, 5, 10 U/mL) with 3 mg/mL species matched fibrinogen.
These curves are first 30 min of tracings and actual tests may take longer to get desired parameters.
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Figure A.4. TEG tracings of bovine (A) and human (B) fibrin formation at different thrombin
concentrations (0.1, 0.3, 0.6, 0.8, 1, 2.5, 5, 10 U/mL) with 3 mg/mL species matched fibrinogen.
These curves are first 30 min of tracings and actual tests may take longer to get desired parameters.

Table A.2. Vnax, Lag time, o Angle and R in Varying Thrombin Concentration on Fibrin Formation

Thrombin Concentration 0.1U/ml  0.3U/ml 0.6U/ml 0.8U/ml 1U/ml 2.5U/ml 5U/ml 10U/ml
Vmax Bovine (Munit/min) 242420  57.745.5 91.1£8.2  87.9£21.6  90.1+2.2 94.3+11.0 125+30.8 154.7£62.9
Vmax Human (Munit/min) NA 21.1+£1.2 38.5+£7.0 58.3+2.1 84.8+14.8 85.749.6 147.3£42.0  169.8t17.4

Lag time Bovine (mln) 28.849.2 1.3+0.4 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Lag time Human (mln) 3.340.1 1.9£1.2 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
o Angle Bovine (deg) 10.1* 42.2 62.2 73.1 74.3 80.3 82.4 80.4
o Angle Human (deg) NA 4.3% 21.3% 37.6 50 61.8 84.2 84.1
R Bovine (min) 2 43 2.1 1.6 13 0.6 03 0.2
R Human (min) NA 15.8 4.2 2.5 1.8 1.5 0.2 0.2

Note: * denotes the angle value of the group whose MA does not reach 20 mm
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Figure A.S. Turbidity tracings of bovine (A) and human (B) fibrin formation at different ionic
strength (0.05, 0.13, 0.14, 0.15,0.16, 0.17, 0.3 M) with species matched fibrinogen (3 mg/mL) and
thrombin (1 U/mL). These curves are first 30 min of tracings and actual tests may take longer to
get desired parameters.
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Figure A.6. TEG tracings of bovine (A) and human (B) fibrin formation at different ionic strength

(0.05, 0.13, 0.14, 0.15, 0.16, 0.17, 0.3 M) with species matched fibrinogen (3 mg/mL) and

thrombin (1 U/mL). These curves are first 30 min of tracings and actual tests may take longer to

get desired parameters.

Table A.3. Viax, Lag time, a Angle and R in Varying Ionic Strength on Fibrin Formation

Ionic Strength 0.05M 0.13M 0.14 M 0.15M 0.16 M 0.17M 03M
Vimax Bovine (Munit/min) 144.0£23.8  184.3+£58.5 183.9£71.9 175.0+63.7 234.5£78.1 155.5+52.1 6.0£1.0
Vimax Human (IUNit/min) 49+43.7 98.2+15.5  104.7+18.5 108.5+14.7 163.8+20.7 154.0+17.7 43.8454

Lag time Bovine (Min) <05 <05 <05 <05 <05 <05 <05
Lag time Human (min) <05 <05 <05 <05 <05 <05 <05
o Angle Bovine (deg) 6.2* 55.5% 60.8* 62.9% 68.7 72.1 17.6*
o Angle Human (deg) 0.7* 20.2%* 30.8%* 31.7* 41.5% 42.5% 37.4
R Bovine (min) 52 0.8 0.8 0.8 0.9 0.9 3.6
R Human (Min) 44.7 2.3 1.9 1.9 1.7 1.7 32

Note: * denotes the angle value of the group whose MA does not reach 20 mm
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Figure A.6. Turbidity tracings of bovine (A) and human (B) fibrin formation at different pH (5.8,
6.6, 7.3, 7.4, 7.5, 8) with species matched fibrinogen (3 mg/mL) and thrombin (1 U/mL). These
curves are first 30 min of tracings and actual tests may take longer to get desired parameters.
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Figure A.7. TEG tracings of bovine (A) and human (B) fibrin formation at different pH (5.8, 6.6,
7.3,7.4,7.5, 8) with species matched fibrinogen (3 mg/mL) and thrombin (1 U/mL). These curves
are first 30 min of tracings and actual tests may take longer to get desired parameters.

Table A.4. V., Lag time, a Angle and R in Varying pH on Fibrin Formation

pH 5.8 6.6 7.3 7.4 7.5 8
Vimax Bovine (Munit/min) 175.247.0  270.4+62.5 227.3+163  181.9+53  139.8478.1 33.0+5.8
Vimax Human (Munit/min) 134.5£14.9 174.0£31.2  112.1£14.5  98.5+10.2 57.0+9.8 42.2+11.8

Lag time Bovine (Min) 3.0£0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Lag time Human (Min) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
o Angle Bovine (deg) 4.7% 32.4% 70.8 78.4 76.1 78.3
o Angle Human (deg) 1.8% 17.8% 51.7 48.3* 56* 56.6
R Bovine (min) 9.9 1.6 1.0 0.8 1.1 1.0
R Human (Min) 20.7 2.8 1.2 1.3 1.2 13

Note: * denotes the angle value of the group whose MA does not reach 20 mm
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Figure A.8. Turbidity tracings of bovine (A) and human (B) fibrin formation at different albumin
concentrations (0, 20, 40, 50, 60, 80, 100 mg/mL) with species matched fibrinogen (3 mg/mL) and

thrombin (1 U/mL).
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Figure A.9. TEG tracings of bovine (A) and human (B) fibrin formation at different albumin
concentrations (0, 20, 40, 50, 60, 80, 100 mg/mL) with species matched fibrinogen (3 mg/mL) and

thrombin (1 U/mL).
Table A.5. Vimax, Lag time, a Angle and R in Varying Albumin on Fibrin Formation
Albumin Concentration 0 20 mg/ml 40 mg/ml 50 mg/ml 60 mg/ml 80 mg/ml 100 mg/ml
Vimax Bovine (Munit/min) 161.3+£38.8  215.4+64.7 208.7£50.3  196.7445.5 184.2+51.9 154.6+48.3  128.0+31.7
Vmax Human (Munit/min) 103.9+£11.3  175.2449.9 159.2441.1 149.4437.6  134.7+£32.7 109.2£34.4  92.2429.3
Lag time Bovine (Min) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Lag time Human (min) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
o Angle Bovine (deg) 77.9 51.2% 13.7* 10%* 14.2%* 8.7* 2.4%*
o Angle Human (deg) 64.3 49.6* 22.9% 18%* 12.5% 17.4% 9%
R Bovine (min) 1.2 0.4 2.8 34 2.2 3.8 12.6
R Human (Min) 1.2 0.6 1.8 2.0 2.8 1.4 3.9

Note: * denotes the angle value of the group whose MA does not reach 20 mm
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Figure A.10. Turbidity tracings of fibrin formation by bovine fibrinogen / human thrombin (A)
and human fibrinogen / bovine thrombin (B) at different fibrinogen concentrations (1, 2, 3, 4, 5
mg/mL) with 1 U/mL thrombin.
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Figure A.11. TEG tracings of fibrin formation by bovine fibrinogen / human thrombin (A) and
human fibrinogen / bovine thrombin (B) at different fibrinogen concentrations (1, 2, 3, 4, 5 mg/mL)
with 1 U/mL thrombin.

Table A.6. Viay, Lag time, a Angle and R in Cross-species Fibrin Formation

1 mg/ml 2 mg/ml 3 mg/ml 4 mg/ml 5 mg/ml
Bovine fibrinogen & human thrombin
Vmax (munit/min) 58.7£18.9 140.3£15.9 115.3£10.4 147.616.5 212.9+10.4
Lag time (min) <0.5 <0.5 <0.5 <0.5 <0.5
o Angle (deg) 57.3 72.0 753 73.3 75.2
R (min) 1.2 1.2 1.4 1.7 1.7
Human fibrinogen & bovine thrombin
Vmax (munit/min) 18.5£3.8 42.748.4 67.3£13.5 91.2+19.2 121.8+18.9
Lag time (min) <0.5 <0.5 <0.5 <0.5 <0.5
o Angle (deg) *37 *51 494 51.5 50.2
R (min) 1.5 1.3 1.5 1.6 1.4

Note: * denotes the angle value of the group whose MA does not reach 20 mm
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Figure A.12. Representative SEM images (4,000X) were compared for ethanol-
Bis(trimethylsilyl)amine (HMDS, Electron Microscopy Sciences Supplier, Hatfield, PA) (first row)
and water-lyophilization dehydration methods (second row) of fibrin clots, which were formed by
neat fibrinogen, neat 12FhF, Albumin + fibrinogen, and albumin + 12FhF. The HMDS method
requires the washing of clot samples using a series of ethanol swaps at 30%, 50%, 70% and 100%
(3 times), followed by a 50:50 ethanol to HMDS swap, and an overnight storage in 100% HMDS.
However, the HMDS method results in clots that have 95% shrinkage while the lyophilization
method offers a puffy dehydrated clot. Scale bar was shown as 1 um in all images.
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>sp|P02671|FIBA_HUMAN Fibrinogen alpha chain OS=Homo sapiens 0X=9606 GN=FGA PE=1 SV=2
MFSMRIVCLVLSVVGTAWTADSGEGDFLAEGGGVRGPRVVERHQSACKDSDWPFCSDEDHNYKCPSGCRMKGL IDEVNODETNRT
NKLKNSLFEYQOKNNKDSHSLTTNIMEI LRGDFSSANNRDNTYNRVSEDLRSRIEVLKRKVIEKVOHIOLLOKNVRAQLVDMKRLE
VDIDIKIRSCRGSCSRALAREVDLKDYEDQOKOLEQVIAKDLLPSRDROHLPLIKMKPVPDLYPGNFKSQLOKVPPEWKALTDMP
OMRMELERPGGNE ITRGGSTSYGTGSETES PRNPS SAGSWNSGSSGPGSTGNRNPGS SGTGGTATWKPGSSGPGSTGSWNSGSSG
TGSTGNONPGSPRPGSTGTWNPGSSERGSAGHWTSES SVSGSTGOWHSESGSFRPDS PGSGNARPNNPDWGTFEEVSGNVSPGTR
REYHTEKLVTSKGDKELRTGKEKVTSGSTTTTRRSCSKTVTKTVIGPDGHKEVTKEVYTSEDGSDCPEAMDLGTLSGIGTLDGER
HRHPDEAAFFDTASTGKTFPGFFSPMLGEFVSETESRGSESGI FTNTKESS SHHPGIAEFPSRGKSSSYSKQFTSSTSYNRGDST
FESKSYKMADEAGSEADHEGTHSTKRGHAKSRPVRDCDDVLOTHPSGTOSGIFNIKLPGSSKI FSVYCDOETSLGGWLL IQQORMD
GSLNFNRTWQDYKRGFGSLNDEGEGEFWLGNDYLHLLTORGSVLRVELEDHAGNEAYAE YHFRVGSEAEGYALQVSSYEGTAGDA
LIEGSVEEGAEYTSHNNMQFSTFDRDADQWEENCAEVYGGGWHYNNCOAANLNGI YYPGGSYDPRNNSPYE TENGVVWVSFRGAD
YSLRAVRMKIRPLVTQ

>sp|P02675| FIBB_HUMAN Fibrinogen beta chain OS=Homo sapiens 0X=9606 GN=FGB PE=1 SV=2 . . N
MKRMVSWSFHKLKTMKHLLLLLLCVFLVKSQGVNDNEEGFFSARGHR PLDKKREEAPSLRPAPPPTSGGGYRARPAKAAATOKRKY K-FITC conjugation sites
ERKAPDAGGCLHADPDLGVLCPTGCQLOEALLQQERP TRNSVDELNNNVEAVSQTSSSS FQYMYLLKDLWOKROKQVKDNENVVN Crystal structure known sequence
EYSSELEKHOLYTDETVNSNI PTNLRVLRSTLENLRSKIQKLESDVSAQMEYCRTPCTVSCNI PVVSGKECEE T TRKGGETSEMY Mass spec covered sequence
LIOPDSSVKPYRVYCDMNTENGGWTVIONRQDGSVDFGRKWDPYKQGFGNVATNT DGKNYCGLPGEYWLGNDKT SQLTRMGPTEL

LIEMEDWKGDKVKAHYGGFTVONEANKYQT SVNKYRGTAGNALMDGASQLMGENRTMT I HNGMFF STYDRDNDGWLTSDPRKQCS
KEDGGGWWYNRCHAANPNGRY YWGGQY THDMAKHGTDDGVVWMNHKGSWYSMRKMSMKIRPEFPOQ

>sp|P02679| FIBG_HUMAN Fibrinogen gamma chain OS=Homo sapiens 0X=9606 GN=FGG PE=1 SV=3
MSWSLHPRNLILYFYALLFLSSTCVAYVATRDNCCILDERFGSYCPTTCGIADFLSTYQTKVDKDLOSLEDILHQVENKTSEVKQ
LIKATQOLTYNPDESSKPNMIDAATLKSRKMLEEIMKYEASTLTHDSS IRYLOETYNSNNOKIVNLKEKVAQLEAQCOEPCKDTVO
IHDITGKDCODIANKGAKQSGLYFIKPLKANQOFLVYCE I DGSGNGWTVFQKRLDGSVDFKKNWIQYKEGFGHLS PTGTTEFWLG
NEKIHLISTQSATPYALRVELEDWNGRTSTADYAMFKVGPEADKYRLTYAYFAGGDAGDAFDGEDFGDDPSDKFFTSHNGMOFST
WDNDNDKFEGNCAEQDGSGWHMNKCHAGHLNGVYYQGGTYSKASTPNGYDNGI TWATWKTRWY SMKKTTMK I PFNRLT IGEGOQ

HHLGGAKQVRPEHPAETEYDSLYPEDDL

Figure Legend:
K-Lysine

Figure A.13. Identification of lysine / FITC conjugation sites on fibrinogen alpha, beta and gamma
chains using mass spectrometry. One fibrinogen molecule has a pair of alpha, beta, and gamma
chains. Available fibrinogen crystal structures (PDB entity sequence: 3GHG) are derived from the
protein data bank for reference. The detailed protocol for fabricating FITC tagged fibrinogen
molecules: Reacting human fibrinogen with a 200-fold excess FITC at RT for 24 hours and
incubating for another 6 hours with the addition of doubled moles of fresh FITC to maximize the
FITC conjugation on fibrinogen. The FITC-fibrinogen was then purified using 100kDa cutoff filter
under 6 cycles of centrifugation to remove free FITC molecules. An average of 16 FITC per
fibrinogen were identified through absorbance readings using the spectrometer method detailed in
the main text. FITC-fibrinogen was then denatured in 8 M urea and digested by 1 pg trypsin/Lys-
C protease mix for 4 hours at 37 C before dilution to 2 M urea overnight. Peptide sequences were
examined using mass spectrometry. Data were subjected to post-translational modification (PTM)
analysis using PEAKS Xpro to find FITC-lysine conjugation sites. Overall, PEAKS Xpro provided
~90% coverage of the fibrinogen protein and peptide sequences were included for analysis at less
than 1% false discovery rate. The sum of all lysine residues in each pair are 43+36+34=113;
wherein, mass spec covered lysine sites are 38+28+32=98, crystal structure known lysine sites are
16+4+5=25. Mass spec covered FITC sites are 16+6+5=27, and crystal structure known FITC sites
are 4+4+5=13. Specifically, locations of these lysine are identified. Alpha chain (81% coverage,
16 sites): K89, K100, K148, K157, K227, K243, K322, K432, K437, K448, K467, K476, K558,
K575, K602, K620. K238 is removed (since it had 390, but with a substitution in the peptide);
Beta chain (83% coverage, 6 sites): K52, K77, K152, K163, K353, K367. K264 (missing 390
signatures though) and K426 (not full sequencing fragmentation) are removed; Gamma chain (90%
coverage, 5 sites): K84, K101, K111, K146, K188. K199 is removed (missing 390, peptide has an
AA substitution). Due to the lack of 100% coverage in both mass spec and available crystal
structure a comprehensive identification of dominant lysine conjugation sites could not be further
characterized. This data is, however; useful in demonstrating the diversity of conjugation sites
indicating that there is some degree of conjugation variation even at saturating levels of FITC
associated with a lysine conjugation technique of this nature.
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@ Atom 1 Atom 2 | Distance |
1 #0LYS133.BNZ #OLYS122.BNZ 12.981A
2 #OLYS75.CNZ #0LYS133.BNZ 10.959A
3 #OLYS75.CNZ #OLYS85.CNZ 12.566A
4 #OLYS81.ANZ #OLYS70.ANZ 19.4954
5
6

#OLYS 138 ANZ #OLYS129.ANZ 19.2343
#OLYS 159.CNZ #0LYS 266.CNZ 21.454A

Figure A.14. (A) Fibrinogen crystal structure (PDB entity sequence: 3GHG, protein data bank) is
shown in blue ribbon with identified FITC conjugation sites labeled in red. Despite an average of
16 FITC per fibrinogen calculated via absorbance, 54 lysine sites (27 sites in one set of fibrinogen
alpha, beta, and gamma chain) were found to be accessible for FITC conjugation. This indicates
that the conjugation reaction yields a heterogeneous FITC-fibrinogen mixture which can have
different FITC amounts per fibrinogen or are products that have similar FITC amounts per
fibrinogen but possess different combinations of FITC conjugation sites. The average 16 FITC per
fibrinogen is most likely contributed by both scenarios. This is typical of non-site-specific
conjugation techniques such as lysine-based labeling used here. In addition, only 52.8% of the
fibrinogen crystal structure is known with the unknown part mostly belonging to the alpha C
domain (representing 28 more possible FITC accessible lysine sites for conjugation). (B) shows a
representative example of measuring the distance of adjacent FITC conjugation sites on available
fibrinogen crystal structures using Chimera. In the known crystal structure of one set of the
fibrinogen chains, 6 pairs (C) totaling 10 non-repeated conjugation sites were found to be within
20 angstroms of one another. Due to the proximity of these sites, the conjugation of one site within
a pair likely reduces the probability of FITC subsequently conjugating the other one due to steric
effects.
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Figure A.15. Fluorescence tracing curves of varying plasmin concentrations for digesting
physiologically relevant 12FhF annular clots at 37 °C. The last figure shows Vrr (fluorescence
release rate) over plasmin concentrations.
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Figure A.16: Fluorescence tracing curves of varying plasmin concentrations for digesting neat
12FhF annular clots at 37 °C.
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Figure A.17. Fluorescence tracing curves of varying plasminogen concentration at fixed [tPA] for
digesting physiologically relevant 12FhF annular clots at 37 °C.
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Figure A.18. Fluorescence tracing curves of varying [tPA] at fixed plasminogen concentration for
digesting physiologically relevant 12FhF annular clots at 37 °C.
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Area quantification example (M40 sample) :
Clot tail

Clot head

Packed’RBC
no ﬁbrip/
4

1L

Three types of areas identified and color-coded
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S ) PR e

Fibrin-only Packed RBC

Figure A.19. Quantification of three regions--fibrin-only, packed RBC and RBC-infiltrated fibrin
in a clot sample. The demo figure shows representative regions (color coded) and corresponding
area in pixel. Representative images processed using ImagelJ for the area quantification of fibrin-
only region (1% column) and packed RBC region (2" column) in clots formed at nine different
conditions (S, M, L tubing sizes and 20, 40 60 RPMs). RBC infiltrated fibrin areas were indirectly
measured by subtracting fibrin-only, packed RBC and WBC areas (not shown in this figure) from
total clot areas.
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H&E 40X MSB 40X

Figure A.20. Histology photos of representative stained clot samples using H&E and MSB at 40X.
H&E stains: WBCs (blue), RBCs (red), fibrin (pink). MSB stains: WBCs (purple), RBCs (yellow
or red), fibrin (blue or red), platelets (gray). Scale bars are 50 um.
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60cc dampener with connector
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Figure A.21. Three dampeners and a flow cell designed for RT-FIuFF setup.
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Figure A.22. Operational amplifier circuit with Arduino Iot33 (Left) or Arduino Nano (Nano) for
data acquisition. In-line fluorometer work in progress (Right).
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Figure A.23. Scatter plots from four more patients’ data. Each point represents a single reading
from the fluorometer part of the RT-FIuFF assay. Rates of fibrinolysis were derived from the slopes
of the linear regions in each graph. Importantly, certain groups had a shortened linear region
resulting from a prolonged lag phase; however, rates of FITC release were still able to be extracted
from shortened linear phases.
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