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Abstract 

Multiscale analysis of hemostasis and thrombosis 

Hari Hara Sudhan Lakshmanan 

 

Department of Biomedical Engineering 

School of Medicine 

Oregon Health & Science University 

 

December 2021 

Dissertation Advisor: Owen J. T. McCarty, Ph.D. 

 

Hemostasis is the process of sealing a vascular leak through concomitant activation of 

the blood coagulation cascade and blood platelet adhesion to and activation by the 

subendothelial extracellular matrix (ECM) proteins. On the other hand, thrombosis is 

the obstruction of blood flow in an otherwise intact blood vessel due to uncontrolled 

growth of a thrombus. Currently available drugs and therapies that abrogate 

thrombosis invariably affect hemostasis, thus increasing the risk of bleeding. Hence, 

there exists a need to develop therapeutics that are effective in mitigating thrombosis 

without interrupting hemostatic safety. 

A hemostatic plug or a thrombus is an aggregate of red blood cells and activated 

platelets bound by fibrin that is formed under the influence of the shear forces 

associated with blood flow. The present research analyzes molecular, cellular and 

physical events across various length scales involved in hemostasis and thrombosis 
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through the development and integration of in vitro and in silico models of 

coagulation biochemistry and the identification of novel ligands of platelet activation.  

At the molecular level, both hemostasis and thrombosis are the result of a network of 

biochemical reactions involving enzymes, inhibitors and cofactors controlled in part 

by the feedback loops that converge on the serine protease thrombin. Mechanistically, 

the serine protease coagulation factor XI (FXI) appears to be a common node for the 

contact and tissue factor (TF) pathway of thrombin generation, as FXI can be 

activated by thrombin as well as activated coagulation factor XII (FXIIa) – the 

initiator of the contact pathway of coagulation. Importantly, FXI deficiency causes a 

mild bleeding disorder, whereas there are no bleeding symptoms associated with 

FXII deficiency. In the first part of this dissertation, we take an integrative biology 

approach to evaluate the relative contribution of the serine protease FXI towards the 

TF-mediated thrombin generation. We developed and experimentally validated an in 

silico model of thrombin generation that provides insights into the role of endogenous 

inhibitors in determining the effect of FXI in thrombin generation.  

Platelets respond rapidly to a vascular injury in part due to their capacity to be 

activated by the extracellular matrix (ECM) proteins to spread, adhere and aggregate. 

Herein, we describe a novel role for nidogen-1, the ECM protein that bridges 

collagen and laminin in the subendothelial matrix, in activating platelets and 

supporting adhesion. Utilizing a combination of pharmacological inhibitors, gel-

electrophoresis and adhesion assays, we identified that nidogen-1 may activate 

platelets through the transmembrane receptor glycoprotein VI (GPVI) and the 

integrin β1.  
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Preclinical evaluation of the hemostatic safety of drugs and therapies is limited in part 

due to the lack of in vitro models that faithfully represent the diversity of the physics 

associated with hemostasis and thrombosis. To model the formation of a hemostatic 

plug under physiologically relevant flow conditions in vitro, we designed a polymer-

based microfluidic pillar device with two orthogonal channels, an injury channel, and 

a blood channel. The microfluidic device was utilized to demonstrate the role of shear 

gradients and mass transport in hemostasis. Finally, to assess how geometry may 

predispose microvasculature to occlusive thrombus formation, an analytical 

mathematical model was developed to estimate the shear stress dynamics on the 

thrombus surface during growth. The model was utilized to identify that the 

microvessels that bifurcate according to the Murray’s law of bifurcations may be 

protected from occlusive thrombus formation.  

Overall, the studies presented in this dissertation provide novel insights into the 

biochemical, cellular and biomechanical events governing hemostasis and 

thrombosis. The results from the studies could be useful in the development of 

devices and therapeutic strategies that improve the hemostatic safety of anticoagulant 

and antiplatelet agents.    
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 Introduction 

1.1 Overview – Hemostasis and Thrombosis 

Blood coagulation is the formation of a semi-solid blood clot from liquid blood. The 

phase change of blood in clotting is due to the formation of an aggregate of 

circulating cells, specifically platelets and red blood cells (RBCs) and a fibrous 

protein called fibrin. There are two major outcomes of blood coagulation in vivo: 

hemostasis and thrombosis. Hemostasis is a physiologic phenomenon where an injury 

to a blood vessel exposes tissue factor (TF) from the extravascular region to flowing 

blood that triggers fibrin formation and platelet aggregation to seal the blood vessel 

for continuous flow of blood (1). On the other hand, thrombosis is a pathologic event 

where a thrombus induced by vascular inflammation or flow disturbances blocks the 

flow of blood (Figure 1.1). Thrombosis is the underlying cause of death in 

cardiovascular diseases, the world’s major cause of death (2-4). The current 

treatments and therapies for thrombosis target biomolecular and cellular aspects of 

coagulation that invariably affect hemostasis to increase the risk of bleeding (5). 

Success in abrogating thrombosis without jeopardizing hemostasis requires an 

understanding of the subcellular, cellular and the extracellular processes that drive 

blood coagulation during hemostasis and thrombosis; concepts that make up the 

substance of this dissertation.  
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Figure 1.1 Hemostasis and thrombosis. Hemostasis is the physiological process of 

sealing a vessel injury with an aggregate of platelets bound by a mesh of fibrin generated 

from coagulation. Thrombosis is the pathological phenomenon of vessel occlusion due to 

a thrombus, aggregate of platelets and fibrin, most often triggered by the rupture of 

atherosclerotic plaque in an inflamed blood vessel. Figure created with Biorender.com 

©Hari Hara Sudhan Lakshmanan 

 

 

Hemostasis and thrombosis involve a set of biochemical reactions that generate 

thrombin and cellular signaling events that activate platelets to cause aggregation, all 

under the influence of physical forces associated with blood flow (6). In the first part 

of this chapter, we will explore the biochemical reactions and proteins involved in 

coagulation, in particular the generation of thrombin and fibrin. In the second and 

third parts of the chapter the biology of platelets and the physics relevant to 

hemostasis and thrombosis will be discussed. 
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1.2 Biochemistry of coagulation 

The coagulation system is an orchestrated set of biochemical reactions involving 

enzymes, inhibitors and cofactors connected with the goal of regulating the 

generation of thrombin – the serine protease responsible for fibrin formation and for 

regulatory feedback within the cascade. The proteins involved in the coagulation 

cascade are identified using roman numerals such as I and II placed after ‘F’ (to 

denote factor) and their activated forms are described with a lowercase ‘a’ next to the 

roman numerals e.g. FVIIa – denotes the activated coagulation factor VII and reads 

as ‘factor seven a’.  

1.2.1 Coagulation pathways 

Two distinct pathways of coagulation have been described based on how coagulation 

is initiated. The ‘TF pathway’ also known as the ‘extrinsic pathway’ is initiated when 

the activated coagulation factor VII (FVIIa) forms a complex with the TF that is 

exposed from the subendothelium to circulating blood due to injury (1). The ‘contact 

pathway’ also referred to as the ‘intrinsic pathway’ is initiated when coagulation 

factor XII (FXII) is autoactivated to FXIIa due to contact with artificial surfaces or 

negatively charged molecules, such as DNA, RNA or bacteria-released 

polyphosphates (7). FXIIa activates coagulation factor XI (FXI) that in turn activates 

coagulation factor IX (FIX) to participate in the generation of thrombin.  

Around 1% of FVII circulates as FVIIa in plasma and it immediately forms a 

complex with TF upon exposure during injury or inflammation (8). TF is a 

glycoprotein that serves as a cofactor for FVIIa to activate circulating coagulation 
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factors X (FX), FIX and FVII (1). Activated coagulation factor X (FXa) sparks 

thrombin production by directly cleaving prothrombin to thrombin (9). Thrombin is 

central to the coagulation network, due to its capacity to self-regulate its production 

through the feedback activation of serine proteases FVII and FXI, the activation of 

cofactors coagulation factor VIII (FVIII) and factor V (FV) and the activation of an 

inhibitory serine protease protein C (10). FVIIa, FIXa, FXa, FXIa and FXIIa are the 

serine proteases of the coagulation cascade that can activate other enzymes through 

cleavage, while TF, FVa and FVIIIa are cofactors that promote the activity of serine 

proteases towards their substrates. FVa is the cofactor for the cleavage of 

prothrombin to thrombin by FXa, while FVIIIa is the cofactor for FIXa-induced 

activation of FX (11).  

The success of hemostasis localized to the injury site should be attributed to an 

appropriate balance between the procoagulant reactions of the coagulation network 

and the endogenous inhibitors of the system. Tissue factor pathway inhibitor (TFPI) 

is a Kunitz-type inhibitor that circulates in plasma at a concentration of around 2.5 

nM and is also present in platelets, endothelial cells and monocytes (12). TFPI binds 

to TF-FVIIa complex, FXa and the TF-FVIIa-FXa complex to impede the serine 

proteases from participating in thrombin generation (1). Antithrombin (ATIII) is a 

serine protease inhibitor that derives its name by its capacity to inhibit thrombin by 

binding to the active site of thrombin; however, it can also inhibit FVIIa, FXa, FIXa, 

FXIIa and FXIa. As such ATIII plays a major role as an inhibitor of activity and 

generation of thrombin (13). Unsurprisingly, one of the most commonly used 

anticoagulants – heparin, enhances the inhibitory action of antithrombin to curtail 

coagulation (14). Among the endogenous inhibitors, protein C requires activation to 
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activated protein C (APC) by thrombin bound to endothelial thrombomodulin. APC 

can inhibit FVa and FVIIIa, a mechanism that is enhanced by the cofactors protein S 

and FV (15). Together, these serine proteases, cofactors and inhibitors make up the 

coagulation network as depicted in (Figure 1.2).  

 

Figure 1.2 Coagulation network. The exposure of TF allows for the formation for TF-

FVIIa complex that activates FX to FXa which activates prothrombin (FII) to thrombin 

(FIIa). Thrombin converts fibrinogen to fibrin that cements the platelet aggregate 

together. In addition, thrombin serves as a master regulator of the coagulation network by 

feedback activation of FXI, FVIII and FV to further its own production. Moreover, 

polyphosphates secreted by the activated platelets can serve as a cofactor to enhance 

several reactions involved in the network of reactions that lead to the generation of fibrin. 

Figure adapted from Versteeg et al. Physiological Reviews 2013, 93(1):327-358. 

Reprinted with permission from the publisher. 

 

 

Disorders in the coagulation system may arise either due to deficiency or surplus in 

the levels of the coagulation factors or due to mutations that alter the enzymatic 
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activity of coagulation factors. For example, a lack or deficiency in FVIII or FIX, 

clinically referred to as hemophilia A or B respectively, can cause either spontaneous 

or post-traumatic bleeding. On the other hand, mutations in FV gene causes FV-

Leiden that reduces the binding of the endogenous thrombin inhibitor APC to FV. As 

APC binding to FV is an essential step in regulating the activity of APC to inhibit 

thrombin generation and regulate coagulation, FV-Leiden is associated with 

hypercoagulability. While almost all cases of hemophilia are inherited, few patients 

may still acquire hemophilia due to autoantibodies developed against FVIII or FIX. 

Hemophilia C is a rare and relatively milder bleeding disorder due to the lack of or 

deficiency of FXI. Deficiencies in inhibitors such as protein C, ATIII and protein S or 

high plasma levels of procoagulant enzymes such as FXI, prothrombin, FX and FIX 

can cause thrombophilia (hypercoagulability) that could result in thrombosis. Deep 

vein thrombosis (DVT), arterial thrombosis, and cerebral thrombosis (stroke) are 

possible fatal outcomes associated with thrombophilia. 

1.3 Platelets  

Platelets, also known as ‘thrombocytes’, are anuclear cells that are formed as 

fragments of megakaryocytes, which are large cells derived from the bone marrow. 

Around 1 trillion platelets circulate in blood, which translates to roughly 150,000 – 

450,000 platelets per microliter of blood, with an average lifespan of 7-10 days (16). 

As the cellular building blocks of a blood clot, platelets play a vital role in securing 

vascular integrity. Decrease in platelet count, usually < 150,000 per microliter, is 

clinically termed as ‘thrombocytopenia’ and is associated with internal bleeding (17). 
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In the following sections we will explore the fundamentals of platelet biology that are 

relevant to hemostasis and thrombosis.   

1.4 Platelet receptors and signaling 

Platelets survey the circulatory system in a discoid shape that denotes their resting 

state. Due to their relatively smaller size (2 μm) compared to red blood cells (10 μm), 

platelets are forced closer to the vessel walls during circulation – a phenomenon 

defined as margination that allows platelets to respond rapidly to a vascular injury 

(18). The recruitment of circulating platelets to a site of injury or inflammation 

involves: 1) initial adhesion, 2) activation and shape change governed by intracellular 

signaling events and 3) sustenance of activation through feedback activation by 

platelet granule secretion. The following sections will discuss the numerous platelet 

receptors that orchestrate the recruitment of platelets to respond to an injury or a site 

of endothelial damage.  

 

 

1.4.1 GPIb and initial platelet adhesion 

The initial adhesion of platelets to an injury site involves the binding of a receptor 

that is exclusive to platelets and megakaryocytes called glycoprotein (GP) Ibα to von 

Willebrand factor (vWF) bound to subendothelial collagen (19). vWF is produced by 

endothelial cells and megakaryocytes and is released into circulation in a globular 

form. At the site of injury, vWF binds to collagen to facilitate platelet recruitment to 

the injury. GPIbα is a transmembrane platelet receptor that is a major functional 

subunit of the GPIb-IX-V glycoprotein complex with more than 25,000-35,000 
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copies per platelet. GPIbβ, GPIX and GPV are the three other subunits that form the 

GPIb-IX-V complex. The current body of evidence suggests that the activation of 

GPIbα by vWF initiates a sequence of signaling events that include the 

phosphorylation of Src family kinases (SFK), the effectors phospholipase C γ2 (PLC 

γ2), and phosphoinositide 3-kinase (PI3K), to increase intracellular Ca2+ levels and 

inside-out activation of integrin αIIbβ3 (20,21). The advent of proteomics could lead 

to more clarity in the signaling events that regulate the inside-out activation of 

platelets by GPIb. The binding of GPIbα to vWF is vital to hemostasis as defects in 

either the quantity or quality of GPIbα in humans has been associated with a 

congenital bleeding disorder called Bernard-Soulier syndrome (BSS) (22). Although 

primarily a vWF receptor, it is suggested that GPIbα can also interact with 

coagulation factors such as thrombin, FXI and FXII, and extracellular matrix (ECM) 

proteins such as thrombospondin and cell adhesion proteins such as P-selectin and 

integrins (23-25). 

1.4.2 GPVI-induced platelet activation  

Platelet binding to vWF has a fast off-rate that causes platelets to roll on the ECM 

surface Although weak by itself to induce complete activation, the on-off binding of 

platelets to vWF establishes contact of platelets with one of the most abundant 

proteins of the ECM – collagen. Collagen binds to glycoprotein VI (GPVI) to activate 

platelets through immunoreceptor tyrosine-based activation motif (ITAM) signaling 

(26). GPVI is an immunoglobulin super family protein that serves as a 

transmembrane receptor for platelet activation. Although initially identified as a 

receptor for collagen, recent studies added a plethora of ECM proteins such as 
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laminin, fibrin, fibrinogen, fibronectin, vitronectin and nidogen to the list of ligands 

that can bind to and activate platelets through GPVI (27-29). Upon ligand binding, 

GPVI dimers cluster together to initiate the ITAM-mediated signaling cascade. The 

extent of clustering is proportional to the strength of the activation signal. Ligand 

binding to GPVI induces phosphorylation of the FcRγ-chain that leads to the 

phosphorylation of the tyrosine kinase Syk. This leads to the assembly of several 

kinases, adaptor and effector proteins, such as linker for activation of T-cells (LAT), 

PLCγ2, and Bruton’s tyrosine kinase (BTK), to form a signaling complex 

(signalosome). The phosphorylation of the effector protein PLCγ2 induces the 

formation of inositol 1,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DAG) leading 

to the release of calcium (Ca2+) from stores and the phosphorylation of protein kinase 

C (PKC). Eventually these molecular events result in the inside-out activation of 

platelets to release their granule content and activate the integrins αIIbβ3 to support 

platelet aggregation. However, the exact molecular events of the inside-out signaling 

cascade is still ill-defined. 

1.4.3 Role of PARs in platelet activation 

One of the many ways by which platelets and the coagulation network are connected 

is through the activation of platelets by thrombin generated in the coagulation 

network. Protease activated receptors (PARs) are transmembrane G-protein coupled 

receptors (GPCRs) named after their capacity to be cleaved by proteases to induce 

cell activation. Thrombin generated during coagulation is one of the major proteases 

that can cleave PAR1, PAR3 and PAR4 to induce intracellular signaling events that 

activate platelets (21). The cleavage of PAR1 and PAR4 by thrombin has been 
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studied the most as platelets express very low levels of PAR3 (30). Upon cleavage by 

thrombin, PAR1 and PAR4 recruit the G-proteins Gq and G12/G13 to stimulate the 

formation of inositol triphosphate (IP3) and DAG, which increases the intracellular 

calcium levels, inducing shape change and granule content release in platelets. FXa 

and fibrinolytic plasmin can also cleave PARs to induce platelet activation, and in 

some cases platelet aggregation (31,32). Antagonists against PAR1 and PAR4 are 

actively being developed for clinical use as anti-platelet agents and vorapaxar, a 

PAR1 antagonist, is clinically used in the United States of America (USA) for 

reducing thrombotic events in patients with a history of cardiovascular diseases since 

2014 (33). 

1.4.4 Integrins and platelet aggregation 

Aggregation of platelets is mediated through one of their highly expressed unique 

membrane receptors, integrin αIIbβ3 (GPIIb-IIIa complex / CD41/CD61). In a resting 

state, αIIbβ3 is expressed in a low affinity state characterized by a bent conformation 

with minimal capacity to bind ligands. However, the activation of platelets changes 

its conformation to increase the affinity of αIIbβ3 towards its ligands such as 

fibrinogen, fibronectin, vitronectin, thrombospondin-1, and vWF (21). Ligand 

binding to αIIbβ3 induces outside-in activation of platelets through Ras family of 

small Guanosine triphosphatases (GTPases) (34). Outside-in activation causes 

platelets to maintain or further the release of granule content and spreading. Inhibitors 

against the function of αIIbβ3 such as abciximab, eptifibatide and tirofiban are 

frequently used in the clinic either to prevent or treat thrombosis (35-37). These 



14 

inhibitors inevitably increase the risk of bleeding as blocking integrins invariably 

affects platelet aggregation in both hemostasis and thrombosis.  

α2β1 (CD49b/CD29) is the second most important integrin found on platelet 

membranes that is established as a receptor for collagen (38). Similar to αIIbβ3, α2β1 

needs to be activated to a high affinity state through inside-out signaling mechanisms 

before it can bind to its ligands. Information from humans with defects in α2β1 is not 

sufficient to make conclusions on the relevance of this receptor towards hemostasis 

and thrombosis. The other platelet integrins that share similar signaling mechanisms 

to αIIbβ3 are: αvβ3 (CD51/CD61) the receptor for vitronectin and collagen, α5β1 

(CD49e/CD29) the fibronectin receptor, and α6β1 (CD49f/CD29) the laminin 

receptor (39).  

1.4.5 P2Y receptors and feedback activation 

P2Y receptors are transmembrane proteins of molecular mass 40-50 kDa that belong 

to the class of GPCRs (40). Human platelets express P2Y1 and P2Y12 that are coupled 

to G proteins Gq and Gi, respectively. Activated platelets secrete their granules 

containing molecules, such as ADP, that can feedback to promote platelet activation 

and aggregation by binding to the P2Y receptors (21). The binding of ADP to P2Y1 

activates the PLCβ to induce the formation of IP3, which increases intracellular 

calcium levels. The rise in Ca2+ levels activates the integrin αIIbβ3 through inside-out 

signaling causing platelet aggregation. P2Y12 activation by ADP results in the 

activation of PI3K which activates integrins into the high affinity state, inducing 

shape change through the phosphorylation of protein kinase B (PKB), also known as 
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Akt (41). Although feedback activation of P2Y1 and P2Y12 by ADP is weak by itself 

to induce robust activation and granule secretion, it is critical to the growth of a 

thrombus or a hemostatic plug. While patients and mice lacking functional P2Y12 

receptors exhibit prolonged bleeding times, P2Y12 antagonists clopidogrel, 

ticlopidine, ticagrelor, prasugrel and cangrelor are frequently used in clinics in the 

USA as antiplatelet agents to prevent or treat thrombotic disorders (42). Figure 1.3 is 

a depiction of major platelet receptors and signaling proteins associated with them in 

the activation of platelets and secretion of platelet granules.  

 

Figure 1.3 Platelet signaling.  Activation of platelet receptors by ECM proteins and 

soluble agonists instigates a series of downstream signaling events including the 

phosphorylation of proteins that result in the activation of platelets, secretion of granules 

and cytoskeletal rearrangements. Figure created with Biorender.com © Hari Hara Sudhan 

Lakshmanan  
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1.5 ECM proteins – Platform for hemostasis and thrombosis 

Blood vessels are lined with endothelial cells that are supported by the sub-

endothelium containing the sheets of ECM protein that create the basement 

membrane (Figure 1.4). An injury or an increase in permeability of the endothelial 

layer exposes the ECM proteins to blood, specifically to coagulation proteins and 

platelets. ECM is made up of fibrillar proteins and glycosaminoglycans that provide 

support to the blood vessel structure and serve as ligands to activate major proteins 

and receptors involved in hemostasis and thrombosis (43). 

 

Figure 1.4 Extracellular matrix proteins. The subendothelium is lined with a thin sheet 

of glycoproteins such as the collagens, laminins, nidogens, fibronectin, vWF and 

perlecans. The ECM provides stability and support to the endothelial cells that make up 

the vasculature. Figure created with Biorender.com ©Hari Hara Sudhan Lakshmanan 
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1.5.1 von Willebrand factor (vWF) 

vWF is a multimeric glycoprotein present in the ECM and circulates in plasma in 

complex with FVIII. In addition, vWF is stored in platelet α granules and released 

from damaged endothelial cells. The molecular mass of vWF ranges from 500 to 

20,000 kDa based on the number of subunits that comprise the protein (44). The 

multimeric units of vWF are cleaved by a plasma metalloprotease known as “a 

disintegrin and metalloprotease with thrombospondin type motifs 13 (ADAMTS13)”. 

Deficiency in ADAMTS13 has been associated with microvessel occlusion due to 

thrombus formation clinically termed as thrombotic thrombocytopenic purpura (45). 

Upon injury, the shear forces in circulation unfold vWF to expose the GPIbα-binding 

A1 domain to platelets. The catch-and-release fashion of the bonds between platelets 

and vWF causes platelets to roll and tether before finally coming to rest following 

complete activation provided by other ECM proteins such as collagen. vWF binds to 

fibrillar collagen through the A1 and A3 domains to form a bridge between platelets 

and collagen during aggregation (46). The initial attachment of platelets to vWF is 

critical to the formation of hemostatic plugs under arterial shear (> 1000 s-1) and is 

modestly involved under venous shear (<500 s-1) conditions (18). 

1.5.2 Collagen 

Collagen is a triple helical structural protein of the ECM made up of polypeptide 

chains coiled together. Type I collagen is the predominant form of collagen among 

the 28 known subtypes of collagen (47). While type IV collagen is exposed in 

superficial injuries, type I and III are found in the deeper layers of the ECM and are 
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exposed mostly under serious injuries. As the most abundant fibrous protein present 

in the ECM, collagen participates in both coagulation and platelet activation. 

Collagen can activate FXII to FXIIa to trigger the contact pathway of coagulation and 

activate platelets through the receptors GPVI and α2β1 (26). 

1.5.3 Laminin 

Laminin is an approximately 800 kDa heterotrimeric glycoprotein, composed of α, β, 

and γ chains coiled together, that provides structural support to the basement 

membrane along with the nidogens and collagens. Laminins 8 and 10 are found in the 

sub-endothelium while platelets store laminins 8, 10, and 11 in their granules (43). 

Laminin was the first non-collagenous protein discovered with the capacity to 

stimulate GPVI (29). Studies in mice and humans suggests that integrin α6β1 

mediates the adhesion of platelets to laminin. 

1.5.4 Nidogen 

Nidogen, also known as entactin, is a 150 kDa sulfated glycoprotein with three 

globular domains that non-covalently links collagens, perlecan and laminins together 

providing a structural framework to the ECM. In addition, nidogen is stored in 

platelet granules and is released upon activation (48). So far, two types of nidogen, 

nidogen-1 and nidogen-2, have been identified in humans and other mammals. 

Attempts at understanding the physiological relevance of nidogens in mice revealed 

that knocking out either nidogen-1 or nidogen-2 was non-lethal and did not alter birth 

and development (49). However, abrogation of both nidogen-1 and nidogen-2 

resulted in death of mice at birth with defects identified in the development of the 
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heart, lung and limbs. While the physiological significance of nidogen-1 and 

nidogen-2 remains unclear, in vitro studies presented in this dissertation suggest a 

plausible role for nidogen-1 in hemostasis and thrombosis due to its capacity to 

activate platelets and support platelet adhesion. 

1.5.5 Other ECM proteins with plausible roles in hemostasis and thrombosis 

Fibronectin, thrombospondin and vitronectin are some of the other proteins of the 

ECM that have been identified so far as ligands for platelet receptors. Fibronectin 

is a ligand for two integrins, αIIbβ3 and α5β1, and can support the spreading of 

platelets (50). In addition, fibronectin secreted by hepatocytes circulates in plasma 

and may play a vital role in providing stability to thrombus in microvasculature 

according to studies conducted in mice (51). Thrombospondin is another 

constituent of the ECM that also circulates in plasma and is stored in the α-

granules of the platelets. Thrombospondin binds to activated platelet surface and 

potentiates the aggregation of platelets induced by thrombin or ADP or fibrinogen 

(52-54).  

1.6 Platelet granule secretion 

Platelets contain several organic and inorganic molecules stored in three different 

types of granules: α-granules, dense granules and lysosomes. Some of these granules 

include coagulation factors, ECM proteins, nucleotides, divalent cations, 

polyphosphates and membrane-associated receptors that are vital to promote and 

sustain platelet activation (55). While granule formation starts in megakaryocytes, 
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circulating platelets continue to endocytose proteins and microparticles to be stored in 

granules. The type, amount and the rate of granule content release has been observed 

to vary based on the strength and length of stimulation, however, the precise details 

on the regulation of granule release is still unclear.  

Each platelet contains about 50-80 α-granules that occupy an average of 14 µm2 area 

of the platelet. Some of the important proteins and molecules inside of α-granules that 

are involved in coagulation and platelet activation include FV, FIX, FXIII, ATIII, 

protein S, TFPI, plasminogen, fibrinogen, vWF, nidogen, laminin, vitronectin, 

fibronectin, GPIbα, GPVI, αIIbβ3 and P-selectin (56). While some of these proteins 

can be found on the surface of resting platelets, P-selectin (CD62P) is translocated to 

the platelet membrane surface only upon robust platelet activation. P-selectin enables 

the adhesion of platelets to leukocytes and endothelial cells, in addition to being 

suggested as an additional receptor for platelet-platelet aggregation (57).   

Platelet dense granules, also called as δ-granules, are primarily composed of 

nucleotides, inorganic molecules such as polyphosphates, divalent cations such as 

Ca2+ and bioactive amines that include serotonin (58). Among these, ADP and 

polyphosphates are important players in platelet activation and coagulation, 

respectively. ADP released by platelets induces activation of platelets through P2Y 

receptors – a feedback mechanism that is vital to sustain and promote activation and 

aggregation of platelets in a hemostatic plug or a thrombus (59). Polyphosphates 

released by platelets are usually shorter than 100 units of phosphates and are termed 

as short-chain PolyP. These polyphosphates have been shown to accelerate the 

activation of FV by thrombin, FXa, and FXIa, enhance the cleavage of TFPI by FXIa, 
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enhance the activation of FXI by thrombin and weakly activate FXII to instigate the 

contact pathway of coagulation (60). Recent discoveries on the potentially vital role 

of platelet- PolyP have led to the development of nontoxic PolyP inhibitors as novel 

antithrombotics that promise to be safer than the current standard of care (61).    

Lysosomes are the least understood category of the platelet granules that comprise 

acid proteases and glycohydrolases such as collagenase and heparinase (55). 

Lysosomes are generally observed to be in much smaller concentrations than the 

other two types of granules and the current understanding of platelet lysosomes is 

insufficient to associate this category of granules with hemostasis and thrombosis.   

Recent discoveries of the involvement of the transcription factor nuclear factor-kappa 

B (NF- κB) in granule release have stimulated research towards understanding the 

intricate mechanisms behind platelet activation. The presence of NF- κB, a protein 

that lies at the heart of inflammatory responses in immune cells, in platelets was 

discovered by Liu et al. in 2002 and lead to the paradigm shift in understanding 

platelet functions beyond hemostasis and thrombosis (62). As observed in other cells, 

NF- κB is generally kept in an inactivated state by its complex formation with the 

inhibitory protein I-kappa B (IκB). ECM proteins such as thrombin, collagen and 

nidogen can initiate the intracellular signals that causes phosphorylation of IκB by 

IκB kinase (IKK) in platelets. Phosphorylated IκB degrades and exposes active NF-

κB to participate in granule secretion. In addition, inhibition of NF-κB activation has 

been shown to affect platelet spreading and thrombus stability suggesting non-

classical roles for the nuclear transcription factor in platelets (63). It is vital to study 

the mechanisms through which NF-κB is involved in platelet activation and 
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degranulation as it could have major implications in the treatment of autoimmune 

disorders.  

Advances in microscopy techniques such as super resolution microscopy and electron 

microscopy have spurred our interests in understanding the location and content of 

platelet granules. However, there remains much to be discovered in terms of the 

physiological and pathological importance of the granule content and its release 

kinetics. Understanding the biology of granule endocytosis and release could 

potentially aid in the development of safer antithrombotics, novel diagnostics, and 

even the creation of synthetic platelets (64). 

1.7 Platelets in coagulation 

The surface of activated platelets can greatly accelerate the reactions of the 

coagulation network. On the other hand, products of the coagulation network such as 

thrombin can induce robust platelet activation and aggregation. In addition, activated 

platelets can secrete coagulation factors and coagulation inhibitors from their 

granules to influence coagulation. Thus, both the coagulation network and platelets 

work hand-in-hand in the construction of a blood clot.  

In resting platelets, the anionic phospholipid called phosphatidylserine (PS) is in the 

inner monolayer of the membrane while phosphatidylcholine and sphingomyelin are 

present in the outer monolayer of the platelet membrane (65). Upon platelet 

activation, PS is exposed on the platelet membrane surface allowing for several 

coagulation proteases to assemble on the negatively charged PS surface. 

Fluorescently tagged annexin V is routinely used to assess PS exposure on platelets 



23 

by flow cytometry as a way of establishing the procoagulant capacity of platelets 

(66). Annexin V binding to platelet PS surface is a way of regulating coagulation as 

antibody-mediated destruction of annexin V can lead to a procoagulant phenotype 

that is commonly associated with anti-phospholipid syndrome, an autoimmune 

disorder. The exposure of PS is vital to coagulation in vivo, as evidenced by the 

bleeding diathesis associated with platelets deficient of PS exposure in Scott 

syndrome (67). The activation of FX by the FIXa-FVIIIa complex and the activation 

of prothrombin by the FXa-FVa complex are the major reactions of the coagulation 

network that have been identified to be accelerated by PS exposed on the platelet 

surface (68). Besides, platelet receptors may even offer protection from inhibition to 

coagulation proteases through receptor binding (69). On the other hand, platelet 

releasates, such as protease nexin – 2 (PN-2), can inhibit serine protease FXIa by 

acting as an anticoagulant (70). Figure 1.5 is a simplified representation of the 

interplay between platelets and coagulation. Thrombin activates platelets and in turn 

platelets catalyze the reactions involved in the generation of thrombin. 
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Figure 1.5. Platelets in coagulation. Thrombin induced platelet activation through 

PAR1 and PAR4 leads to phosphatidylserine (PS) exposure that enhances coagulation 

Furthermore, PolyP secreted by platelets can also promote coagulation. Figure created 

with Biorender.com ©Hari Hara Sudhan Lakshmanan 

1.8 Physics of hemostasis and thrombosis 

Platelets and fibrin are the essential building blocks of both a hemostatic plug and a 

thrombus. While the activation of platelets and the activity of enzymes at the sites of 

injury is subject to biology, the quantity of cells and enzymes available for the 

formation and growth of a platelet-fibrin aggregate are subject to the physics of flow 

around the injury. Flow can determine the kinetics of clot formation by controlling 

the transport rates of proteins and platelets to the sites of injury or inflammation.  

1.8.1 Blood rheology 

Flow of viscous fluids such as blood is conventionally described as a collection of 

layers of fluids sliding past one another. The flow is called ‘laminar’ when the 
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adjacent layers glide smoothly past each other along the axis of the vessel, and 

‘turbulent’ when there is chaotic movement and mixing between the layers. The 

layers adjacent to the wall of the vessel experience the maximum resistance to flow in 

the form of frictional shear stress offered by the stationary vessel walls. This leads to 

‘zero velocity’ at the wall that is often termed as the ‘no-slip’ boundary condition 

meaning the layer closest to the wall is stuck to the wall and does not have a velocity 

of its own. (71). The resistance offered by the wall creates a gradient in blood 

velocity across the radial direction of the vessel with 𝑣 = 0 at the walls and 𝑣 = 𝑣𝑚𝑎𝑥 

at the center of the vessel where the shear stress is zero (Figure 1.6). The velocity 

gradient across the cross-section of the vessel, 𝑑𝑣/𝑑𝑟, is termed as the shear rate 

denoted by ‘γ’ with the unit of s-1. The ratio of shear stress to shear rate defines the 

capacity of a fluid to transfer momentum across layers measured by a fluid property 

called ‘viscosity’ denoted by ‘µ’ with the units of Pa s (pascal second). Lower the 

viscosity, larger the velocity gradient as it is more difficult to transport momentum 

across fluid layers. Newton’s law of viscosity states that the shear stress applied on 

the fluid is directly proportional to the gradient of velocity with the viscosity as the 

constant of proportionality. The following equation is the mathematical description of 

the law, 

𝜏 = 𝜇
𝑑𝑣

𝑑𝑟
;  𝑟 ­ 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓𝑣𝑒𝑠𝑠𝑒𝑙 

𝜏 = Shear stress,  
𝑑𝑣

𝑑𝑟
 = Velocity gradient, µ = Viscosity 
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Figure 1.6 Velocity and shear stress in laminar flow. Figure adapted from Lin et al. 

(2021) originally published in Res Pract Thromb Haemost (Lin 2021). Reprinted under 

the CC BY-NC-ND 4.0 license. 

Fluids that obey the Newton’s law of viscosity with a constant viscosity that is 

independent of the shear stress applied on the fluid and are called ’Newtonian’. If the 

viscosity of the fluid changes with the amount or period of applied shear stress it is 

called ‘non-Newtonian’. Blood is a non-Newtonian fluid, although under shear rates 

> 100 s-1 it behaves like a Newtonian fluid with a constant viscosity of approximately 

3 mPa.s (milli Pascal seconds). For comparison, blood is at least thrice as viscous as 

water (µ = 1 mPa.s) and 50 times thinner than engine oil (µ = 200 mPa.s) (72). In 

addition, the viscosity of blood is directly proportional to the percentage of red blood 

cells often termed as ‘hematocrit’. The average hematocrit is estimated to be from 

40% to 50% in males and 36% to 48% in females (73).     

1.8.1.1 Hagen-Poiseuille’s equation 

The flow rate of the blood through the circulatory system can be estimated using the 

Hagen Poiseuille’s equation which relates flow rate as a function of the pressure drop 
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across the length of the blood vessel, the cross-sectional area of the vessel and the 

viscosity of blood as described by the following equation:  

𝑄 =  
∆𝑃𝐴2

8𝜋𝜇𝐿
 

𝑄 – flow rate,  ∆𝑃 – pressure drop, A – cross sectional area, µ – viscosity and  

L – length of the vessel 

This equation applies for incompressible (fluids with a constant density) Newtonian 

fluids – a valid assumption that results in very small error for blood under high shear 

rate (18). The average blood velocity is the ratio of the flow rate to the cross-sectional 

area, 
𝑄

𝐴
=  

𝑄

𝜋𝑟2
 , where 𝑟– is the radius of the vessel.  

1.8.2 Convection and diffusion 

Blood contains water, proteins, red blood cells, platelets and other cells. Although 

the bulk of blood is moving at a rate dictated by the pressure gradient across the 

vessel, individual protein molecules and cells move at velocities that also depend 

on their concentration gradient. The phenomenon of bulk motion driven by 

pressure is called convection and the molecular motion driven by concentration is 

referred to as the diffusion. Similar to viscosity, diffusivity is the experimentally 

measured property of a protein molecule that defines the rate at which a molecule 

or cell can diffuse through the medium (74). Based on flow conditions either 

convection or diffusion can dominate as the primary mechanism of transport 
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where the slower of the two dictates the overall rate of transport and is often 

termed as the ‘rate limiting step’. 

1.8.3 Dimensionless numbers 

Blood vessels range in sizes from 5 µm to 1.5 cm with blood flow velocities ranging 

from 0.03 to 40 cm s-1 (75). Dimensional analysis of hemodynamics through 

dimensionless numbers that relate various forces that drive transport can aid in the 

understanding of the rate limiting steps in the development of a hemostatic plug or 

thrombus. In addition, it also helps in the design of in vitro, in vivo and in silico 

models to study clotting under (patho)physiologically relevant conditions and later in 

the translation of the knowledge to the clinic. 

1.8.3.1 Reynolds number – laminar and turbulent flow 

For a given flow rate, laminar or turbulent flow is determined by the ratio of inertial 

and viscous forces present in the flow. Reynold’s number (Re) is the ratio of the 

inertial to viscous forces that are available during the flow of a liquid inside the blood 

vessel (76). Re is a function of vessel diameter, velocity, density and viscosity 

represented by the following equation,  

𝑅𝑒 =  
𝐷𝑣𝜌

𝜇
 

𝐷– diameter, 𝑣 – velocity, 𝜌 – density and 𝜇 – viscosity 
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Based on empirical observations, for Re lower < 2000 the flow is generally laminar 

and for Re > 4000 the flow is turbulent where inertial forces dominate leading to 

mixing between layers and chaotic flow. Between 2000-4000, the flow can be either 

laminar or turbulent, based on other factors involved in the flow. Re normally ranges 

from 0.01-5000 in the human circulatory system (77).   

1.8.3.2 Péclet number – convective and diffusive transport 

Péclet number (Pe) is the ratio of velocity of convective transport to that of diffusive 

transport of a molecule per unit area. Physiologically, convection dominates as the 

primary mechanism of protein transport and Pe >> 1. However, during the formation 

of a hemostatic plug the transport of coagulation factors and soluble platelet agonists 

can be expected to be dominated by diffusion based on the architecture of the 

aggregate, thus leading to Pe < 1 (78). Pe for a biomolecule ‘i’ is mathematically 

described as follows, 

𝑃𝑒𝑖 =  
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎

𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎
=  

𝑣 𝑑

𝐷𝑖

 

𝐷𝑖 – Diffusivity of molecule ‘i’, 𝑣 –bulk flow velocity, 𝑑 – vessel diameter 

1.9 Platelets, coagulation and flow 

The formation of a platelet-fibrin aggregate is the culmination of numerous 

biochemical reactions of the coagulation network that are catalyzed by platelet 

surfaces and constrained by flow. Hemodynamics can determine the kinetics of 

reactions involved in coagulation by limiting the transport rate of coagulant enzymes, 
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cofactors and inhibitors to the site of thrombosis or hemostasis. Additionally, flow 

can also directly influence platelets through shear-dependent activation and 

aggregation independent of soluble agonists such as thrombin, ADP or thromboxane.   

Atherosclerosis is the buildup of plaque in the sub endothelium that leads to vascular 

stenosis, defined as the narrowing of the blood vessel (79). Stenosis creates a throat 

in the vessel that has a growing constriction and an expansion upstream and 

downstream of the stenotic region respectively as shown in Figure 1.7. 

 

Figure 1.7 Thrombus formation in atherosclerosis. Atherosclerotic plaque growth 

narrows the vessel and causes acceleration in flow around the constricted region. Distal to 

the stenosis, flow decelerates rapidly leading to the formation of vortices and 

recirculation zones. In addition, rapid changes in shear around the stenotic region creates 

high shear gradients that causes vWF unfolding and platelet aggregation. Figure adapted 

from Lin et al. (2021) originally published in Res Pract Thromb Haemost (Lin 2021). 

Reprinted under the CC BY-NC-ND 4.0 license. 
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The reduction in cross-sectional area leads to a rapid increase in velocity and shear 

rate around the upstream region of the stenosis. The maximum shear rate on the 

surface of an atherosclerotic plaque can reach up to 40,000 s-1, which is 40 times the 

physiological shear rate in arteries (72). The shear gradient established around the 

stenotic region may trigger platelet aggregation in a GPIb-dependent manner, which 

was discovered by Nesbitt et al. using microfluidic devices in vitro (80). 

Interestingly, the shear-dependent platelet aggregation may be reversible and not 

even require platelet activation, degranulation or shape change. Moreover, high shear 

stress can unfold soluble vWF to serve as an additional mechanism of platelet 

activation in pathology. The rapid expansion that follows the stenotic throat creates 

turbulence resulting in recirculation zones and eddies distal to the stenotic throat. 

Simulation and experiments have shown that the platelets and the plasma proteins 

trapped under these recirculation zones can potentially lead to microaggregates in 

circulation that may block microvascular flow (81).   

The effect of hemodynamics on thrombus formation is evident from the comparison 

of thrombi formed in vivo in arteries and veins. Arterial thrombi formed under high 

flow velocities tend to be richer in platelets, while venous thrombi are primarily 

composed of red cells and fibrin (18). This can be explained due to the difference in 

flow velocities and shear rates between arteries and veins. High shear rate 

environments enhance the margination of platelets towards the vascular wall, thereby 

increasing the near-wall concentration of platelets, and thus could be a reason for 

platelet-rich thrombi in arteries (82). In addition, pathological shear rates in arteries 

can be much higher than in veins and can induce platelet aggregation by itself, 

contributing to the high percentage of platelets observed in arterial thrombi. In 
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contrast, low velocities in veins lead to lower concentration of platelets near the wall 

and possibly less flow-induced activation (6). 

The coagulation network contains numerous enzymatic steps of various timescales 

that culminates in the generation of thrombin. Likewise, platelets comprise several 

receptors that can induce activation based on the strength and period of stimulation 

by an agonist. While these may seem redundant at first glance, perhaps the 

complexity and redundancy are shaped by the distinct fluid dynamic environments of 

the arteries and veins. Profound implications of flow on hemostasis and thrombosis 

suggests that understanding the interplay between the biophysics and biochemistry of 

thrombus formation holds potential to unlock disease and patient specific treatment 

strategies. Figure 1.8 illustrates the molecular and cellular events with an emphasis 

on the role of platelets and flow in the formation of a hemostatic plug. 
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Figure 1.8. Multiscale events of hemostasis and thrombosis.Biochemical reactions 

triggered during coagulation result in the generation of thrombin that activates resting 

platelets to become procoagulant (PS exposing) and cleaves fibrinogen to fibrin for the 

formation of a platelet-fibrin clot. Procoagulant platelets coated with fibrin can catalyze 

the surface reactions involved in thrombin generation. The ECM proteins also activate 

the platelets to a loosely aggregating or a procoagulant state based on the strength of 

stimulation. Activated platelets secrete ADP and TXA2 to activate the circulating 

platelets and secrete polyphosphates (PolyP) to enhance coagulation. Healthy endothelial 

cells secrete prostacyclin (PGI2) and nitric oxide (NO) to inhibit platelet activation. 

Figure adapted from van der Meijden et al. Nat Rev Cardiol 2019; 16:166-179. Reprinted 

with permission from the publisher. 

 

 

1.10 Thesis Overview  

The molecular and cellular events that influence hemostasis and thrombosis range 

from the reactions of the coagulation network to the activation of platelets governed 

by the shear forces of blood flow. This thesis presents the results of research aimed at 

understanding the biochemical reactions of the coagulation network, the activation of 
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platelets by ECM proteins and the role of vascular geometry and flow in regulating 

hemostasis and thrombosis. 

The generation of thrombin is an essential step in hemostasis and thrombosis due to 

the multifarious roles thrombin plays in regulating the activation of coagulation 

factors as well as platelets. In Chapter 3, the contribution of FXI towards TF-

mediated thrombin generation is analyzed by using an integrative approach that 

involves an ordinary differential equation (ODE)-based model of thrombin generation 

and in vitro thrombin generation experiments. The ODE model, developed as a part 

of this study, enables the temporal analysis of the reactions in the coagulation 

network and their impacts on the generation of thrombin.  

Platelets are anchored to the site of injury through the interactions of their receptors 

with the ECM proteins. The two major components of the ECM collagen and laminin 

are linked together by the globular proteins nidogen-1 and nidogen-2. While it is 

established that both collagen and laminin can activate platelets through GPVI and 

support platelet adhesion, in Chapter 4 we present experimental evidence to 

demonstrate that nidogen-1 could support platelet adhesion and activate platelets 

through GPVI and β1 integrin. 

Flow is an important mediator of platelet and protein transport that connects the 

microscopic and macroscopic scale of events that occur during hemostasis and 

thrombosis through diffusion and convection. In addition, shear rates can cause 

platelet activation and aggregation independent of biochemical agonists. Chapter 5 

describes the development of a polymer-based microfluidic device that models the 



35 

extravascular clot formation with an injury channel and a blood channel to represent 

hemostatic plug formation. The preliminary data from the device suggests that it 

holds potential to be used in interrogating the role of flow in hemostasis and in the 

preclinical evaluation of bleeding risk associated with novel drugs.  

Due to their small diameters, microvessels such as arterioles and capillaries offer the 

most resistance to blood flow that is increased further when a growing thrombus 

reduces the vessel diameter. To understand the role of evolving geometry during 

thrombus formation, in Chapter 6, a first principles-based mathematical model was 

developed to estimate the dynamic change in shear rate on the thrombus surface as it 

grows to alter the geometry of the microvasculature. Analysis of the microvascular 

geometry using these models indicates that the ratios of diameters by which the 

microvessels bifurcate into smaller vessels may determine the occlusive scenario of a 

thrombus. In addition, the model also holds potential to be used in the design and 

analysis of microfluidic oxygen transfer devices.       
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 Materials and Methods 

2.1 Ethical Considerations 

Human whole blood for the studies were obtained from healthy volunteers with 

consent in accordance with an Oregon Health & Science University (OHSU) 

Institutional Review Board (IRB)-approved protocol.  

2.2 Common reagents 

Collagen was from Chrono-Log (Havertown, PA). Collagen-related peptide (CRP) 

was from R. Farndale (Cambridge University, UK). Hanks' Balanced Salt Solution 

(HBSS) was from Corning cellgro (Manassas, VA, USA). Prostacyclin (PGI2) was 

from Cayman Chemical (Ann Arbor, MI, USA). All other reagents were from Sigma, 

unless specified otherwise. 

2.3 Human blood collection 

Human blood was collected via venipuncture from healthy volunteers above the age 

of 18 who had been free of aspirin or ibuprofen for at least two weeks prior to the 

donation. Syringes with trisodium citrate (NaCit; 0.38% w/v; Sigma-Aldrich, St 

Louis, MO) were used to collect blood directly from the veins in the ratio of 9:1 

(blood:citrate). All blood was used for experiments within 2 hours of collection.  
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2.4 Platelet isolation  

Washed platelets were prepared from human blood drawn into a syringe containing 

3.8% sodium citrate in the volume ratio of 9:1 (blood:citrate). Acid-citrate-dextrose 

buffer (ACD) was added at 1:10 (volume of ACD:volume of blood). Platelet-rich 

plasma (PRP) was prepared by centrifuging the mixture of ACD and blood at 200×g 

at room temperature for 20 minutes. PGI2 at 0.1 μg/ml was added to PRP before 

centrifugation at 1000×g for 10 minutes to obtain a platelet pellet. Platelets from the 

pellet were resuspended into modified HEPES/Tyrode buffer (129 mM NaCl, 0.34 

mM Na2HPO4, 2.9 mM KCl, 12 mM NaHCO3, 20 mM HEPES, 1 mM MgCl2, pH 

7.3, supplemented with 5 mM glucose). Resuspended platelets were centrifuged again 

at 1000×g for 10 minutes before resuspension again into modified HEPES/Tyrode 

buffer to obtain the necessary platelet count.      

2.5 In vitro platelet spreading studies 

Circular glass coverslips of 12 mm diameter #1.5 thickness (0.16 to 0.19 mm) were 

placed in wells, coated with desired proteins for 1 hour at room temperature, washed 

3 times with phosphate buffered saline (PBS), blocked with 5 mg/ml denatured 

bovine serum albumin (BSA) for 1 hour at room temperature, and washed with PBS. 

Washed platelets in solution with vehicle or specified inhibitors were added to the 

coverslip surface and incubated at 370C for 45 minutes. Coverslips were then washed 

3 times with PBS to remove unadhered platelets before fixing with 4% 

paraformaldehyde (PFA) for 15 minutes at room temperature and stained with 

phalloidin to detect actin filaments and other fluorescent antibodies against proteins 
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of interest. Coverslips were then mounted onto glass slides and stored at 40C for 

imaging and analysis by differential interference contrast (DIC) and 

immunofluorescence microscopy. 

2.6 Microscopy 

2.6.1 General protocol 

Köhler-illuminated Nomarski DIC optics with a Zeiss 63× magnification oil 

immersion lens (numerical aperture 1.4) was used to image the coverslips. Zeiss 

Axiocam MRc5 camera operated using Slidebook 5.5 software (Intelligent Imaging 

Innovations, Denver, CO) was used to capture images.  

2.6.2 Image analysis 

Platelets were outlined manually to compute the surface area and number of adherent 

platelets per field of view using ImageJ. The total area of the field of view was 

14,587 µm2. 

2.7 Statistical analysis 

Experimental data are represented as mean ± standard error of the means (SEM), 

unless noted otherwise. Experiments were repeated at least 3 times for each 

condition. For image analysis, 3 random fields of view are captured, analyzed and 

averaged for each condition per experiment to be counted as n=1. Appropriate 

statistical tests as mentioned in each chapter were performed to compare groups and 

treatments. P < 0.05 was considered statistically significant. 
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 Revised model of the tissue factor pathway of thrombin 

generation: role of the feedback activation of FXI 

Hari hara sudhan Lakshmanan, Aldrich Estonilo, Stephanie E. Reitsma, Alexander R. 

Melrose, Jayaram Subramanian, Tony J. Zheng, Jeevan Maddala, David Gailani, 

Owen J.T. McCarty, Patrick L. Jurney and Cristina Puy 

3.1 Abstract  

Biochemical reaction networks are self-regulated in part due to feedback activation 

mechanisms. The tissue factor (TF) pathway of blood coagulation is a complex 

reaction network controlled by multiple feedback loops that coalesce around the 

serine protease thrombin. Our goal was to evaluate the relative contribution of the 

feedback activation of coagulation factor XI (FXI) in TF-mediated thrombin 

generation using a comprehensive systems-based analysis. To accomplish this, we 

developed a systems biology model that improves the existing Hockin-Mann (HM) 

model through an integrative approach of mathematical modeling and in vitro 

experiments. Thrombin generation measured using in vitro assays revealed that the 

feedback activation of FXI contributes to the propagation of thrombin generation 

based on the initial concentrations of TF or activated coagulation factor X (FXa). We 

utilized experimental data to improve the robustness of the HM model to capture 

thrombin generation kinetics without a role for FXI before including the feedback 

activation of FXI by thrombin to construct the extended (ext.) HM model. Using the 

ext.HM model, we predicted that the contribution of positive feedback of FXI 

activation by thrombin can be abolished by selectively eliminating the inhibitory 
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function of tissue factor pathway inhibitor (TFPI), a serine protease inhibitor of FXa 

and TF-activated factor VII (FVIIa) complex. This prediction from the ext.HM model 

was experimentally validated using thrombin generation assays with function 

blocking antibodies against TFPI and plasmas depleted of FXI. Together, our results 

demonstrate the applications of combining experimental and modeling techniques in 

predicting complex biochemical reaction systems. 

This work is currently under review in  

Journal of Thrombosis and Haemostasis 

 

3.2 Introduction  

Studies in this chapter were designed to elucidate the role of feedback activation of 

FXI by thrombin in TF-mediated thrombin generation. Here, we use TF-initiated 

thrombin generation measured in vitro to modify and extend the HM model of 

thrombin generation. Utilizing the ext. HM model and in vitro experimental data we 

show that the contribution of FXI towards thrombin generation initiated by low 

concentrations of TF is inversely correlated to the inhibitory role of TFPI. This study 

explains the significance of feedback and inhibitory mechanisms involved in 

coagulation.    



41 

3.3 Background 

Blood coagulation is a network of complex reactions dependent upon the conversion 

of inactive species (zymogens) of coagulation factors to active serine proteases. Often 

portrayed as a waterfall, the plasma coagulation was originally described as a series 

of enzymatic events initiated by two sources, tissue factor (TF) and coagulation factor 

XII (FXII), converging in the activation of coagulation factor X (FX). TF-initiated 

coagulation, referred to here as the TF-pathway, starts when blood is exposed to 

extravascular TF which forms a complex with coagulation factor VII (FVII) to 

catalyze the conversion of FVII to its activated version FVIIa (1,83). The TF-FVIIa 

complex then activates coagulation factors X (FX) and IX (FIX) leading to the 

generation of thrombin. Thrombin is the central serine protease that serves as a 

master regulator of coagulation by activating both procoagulant and anticoagulant 

species. For instance, thrombin amplifies its generation by direct activation of the 

cofactors factor V (FV) and factor VIII (FVIII) (84,85). Moreover, thrombin acts 

upstream to activate a member of the contact activation pathway, coagulation factor 

XI (FXI), which in turn activates FIX to create a feedback loop of thrombin 

generation (86).  

While experimental studies utilizing purified components or selective inhibitors have 

been useful for delineating the contribution of each individual component of the 

coagulation system, an integrative systems biology approach is required to enable 

data-driven knowledge discovery and predict yet unknown pathways for thrombin 

generation. With this as a goal, Hockin et al. built one of the first mathematical 

models of the TF pathway of thrombin generation by assembling 42 individual 
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coagulation factor activation or inhibition reactions into ordinary differential 

equations (ODEs) (87). The Hockin-Mann (HM) model enabled an understanding of 

the temporal variation of individual species involved in the TF pathway and their 

sensitivity to variable initial conditions (88-91). Naturally, the HM model was 

quickly adapted into several models of coagulation that included contributions of 

flow, diffusion, fibrin formation and platelets to thrombin generation (92-95). While 

the HM model has proven extremely useful in studying the TF pathway, it was built 

specifically to exclude coagulation factor XI, in part due to an incomplete 

mechanistic understanding of the role of FXI in thrombin generation. Moreover, at 

that time, the physiological relevance of FXI to TF-mediated thrombin generation 

was in question in part due to in vitro studies that utilized supraphysiological 

concentrations of TF as initiators (96). Therefore, by definition, the utility of the HM 

model is limited to conditions in which FXI does not play a role in thrombin 

generation. 

In this work, we aim to extend the applications of the HM model for studying the TF 

pathway of thrombin generation by including the feedback activation of FXI by 

thrombin. Towards this goal, we used an integrative approach of thrombin generation 

experiments and numerical analysis to extend the capacity of the HM model to 

predict the effect of FXI on TF-mediated thrombin generation. We added the 

mechanisms of feedback activation of FXI by thrombin, activation of FIX by FXIa 

and inhibition of FXIa by plasma proteins. We utilized in vitro thrombin generation 

assays to support the development of our model. Finally, we tested the robustness of 

our model by predicting and experimentally validating the role of FXI in the TF 

pathway with respect to tissue factor pathway inhibitor (TFPI), an endogenous 
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inhibitor circulating in plasma. Our model and experiments suggest the hypothesis 

that the effect of FXI in TF-mediated thrombin generation can be modified by 

neutralizing the function of TFPI in plasma. Our work is a demonstration of how 

mathematical models can be a useful method for testing and deriving novel 

mechanistic ideas that can be experimentally verified. 

3.4 Materials and Methods 

3.4.1 Reagents  

FXI-depleted plasma was from Affinity Biologicals Inc. (Ancaster, ON, Canada). 

Innovin from Siemens Healthcare Diagnostics (Deerfield, IL, USA) was used as the 

source of TF. Neutralizing monoclonal mouse anti-human TFPI antibodies, specific 

for the Kunitz 1 or Kunitz 2 domains, was from MyBiosource (San Diego, CA, 

USA). CTI was obtained from Enzyme Research Laboratories, Inc (South Bend, IN, 

USA). Plasma-derived FXa and FXI were from Haematologic technologies Inc. (VT, 

USA).  The anti-factor XI antibody 1A6, that blocks the activation of FIX by FXIa 

was generated as previously described (97). The fluorogenic substrate and calibrator 

for thrombin generation assay was from Techno Thrombin TGA kit (Technoclone, 

GmbH, Vienna, Austria). TGA kit consists of the fluorogenic substrate, 1 mM Z-G-

G-Ar-AMC in 15 mM CaCl2, and the calibrator of 1 nM thrombin. Black 96-well 

plates were from Corning (Corning, NY, USA). All reagents were stored and 

prepared according to recommendations from the manufacturers. HEPES buffered 

saline (HBS) containing 25 mM HEPES and 150 mM NaCl (pH 7.4) was used as the 

buffer for all dilutions unless stated otherwise. 
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3.4.2 Thrombin generation - Experiments 

Thrombin generation in plasma was measured by following the cleavage of 

fluorogenic substrate Z-G-G-Ar-AMC at 37⁰C on a Tecan’s Infinite M200 microplate 

reader. Experiments were performed in 96-well black plates coated with PEG 20000 

(2%). In all experiments, FXI-depleted plasma was supplemented with 30 nM FXI or 

vehicle and with 40 µg/ml corn trypsin inhibitor (CTI). In select experiments, plasma 

was additionally supplemented with 30 µg/ml 1A6 or vehicle or anti-TFPI antibodies 

(6 µg/ml) for 30 minutes before use. All treatments were done at room temperature. 

HBS with 15 mM CaCl2 was used as the buffer in the preparation of various 

concentrations of TF (0.125-1 pM) or FXa (0.1-0.5 nM) as the fluorogenic substrate 

is contained in 15 mM CaCl2. 

Thrombin generation was initiated by mixing 40 µL of supplemented plasma with 60 

µL of reagent substrate mixture, containing 50 µL of fluorogenic substrate and 10 µL 

of TF or FXa. The fluorescence was recorded at 60 second intervals with an 

excitation wavelength of 360 nm and emission wavelength of 460 nm for 60 minutes. 

Thrombin generation was calculated by using Technothrombin® TGA evaluation 

software. The resulting thrombin generation curves from the software were analyzed 

to estimate the endogenous thrombin generation potential (ETP) – area under the 

curve, lag time – time to reach 2 nM thrombin, peak thrombin – maximum thrombin 

concentration and peak time – time to reach peak thrombin. 
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3.4.3 Thrombin generation – Simulations 

The mathematical models of tissue factor pathway of thrombin generation were set up 

as systems of ordinary differential equations (ODEs) as described in (87,92) and 

solved using odeint from Scipy in Python with a tolerance of 1.5x10-8. Odeint uses 

Livermore Solver for Ordinary Differential Equations (LSODA) algorithm with 

dynamic step sizing to solve ODEs. A classic example of the algorithm’s usage for a 

similar purpose is the original implementation of the Hockin-Mann model (87). 

Initially, simulations were performed using just SciPy which led to an average run 

time of 5 minutes making it computationally very expensive to run further studies 

using the model. Therefore, to improve the speed of our simulations, we utilized 

Numba, an open-source just-in-time compiler that translates python functions to 

machine code. This led to a decrease in average run time from 204 to 30 seconds. For 

this work, all computations were implemented in Spyder 4.2.5 IDE running on an 

Intel i7 core system with 16 GB RAM.  

Both the models assume the plasma is well-mixed without any spatial variations in 

enzyme levels and transport limitations such as diffusion. The models assume that all 

reactions occur in the fluid phase and do not explicitly model the surface reactions. 

Our models do not include FXII mediated thrombin generation and it does not affect 

comparison to our experimental data as all our experiments include CTI to block 

FXIIa-mediated thrombin generation. The HM model also does not include fibrin 

related reactions and these conditions were unchanged when we improved the model. 

A detailed description of reactions along with their respective kinetic constants used 

in the model are provided in Table 3.2. In all cases, 60 minutes of thrombin 
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generation from the addition of initiator was simulated, with an average 

computational time of 30 seconds. 

The Hockin-Mann model is referred to as the “HM” model and is taken from the 

work of Hockin and Mann (87) without any modifications. The initial concentrations 

of enzymes used in all simulations are normal plasma concentrations as provided in 

Table 3.1, and all these concentrations were diluted 2/5th to match the experimental 

conditions used in the study. To simulate conditions of FXI-depleted plasma or TFPI 

neutralized plasma, the initial concentrations of FXI or TFPI were set to ‘0’.  

The following output parameters were determined from the simulations as described 

below: 

1. ETP (nM.min) – area under the thrombin generation curve.  

2. Lag time (min) – time taken to generate 2 nM thrombin; if less than 2 nM 

thrombin was generated within the simulated 60 minutes (maximum timespan 

of simulation), lag time is counted as 60 minutes. 

3. Peak thrombin (nM) – maximum thrombin concentration observed within the 

simulated 60 minutes of thrombin generation. 

4. Peak time (min) – time taken to reach peak thrombin. 

3.4.4 Estimation of kinetic constants  

Kinetic constants of the mod.HM model were estimated by simultaneously fitting all 

4 outputs of thrombin generation, ETP, lag time, peak thrombin and peak time to the 

experimental data by using the Sequential Least Squares Programming (SLSQP) 
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algorithm available in the SciPy package. Values of kinetic constants from the HM 

model were used as initial guesses to estimate the kinetic constants for modified 

(mod.) HM model. For estimating the kinetics of FXI-related reactions to use in the 

extended (ext.) HM model, the values of kinetic constants obtained from the literature 

were used as starting points (92). The estimated kinetics of FXI activation by 

thrombin were at least two fold less than the literature values, this can be explained 

by the fact that literature kinetics was determined in the presence of dextran sulfate, a 

cofactor for this reaction. The estimated kinetics of FIX activation by FXIa was 10 

fold higher than the values reported in the literature (98). The kinetics of FXIa 

inhibition by C1 inhibitor and anti-thrombin (ATIII) were estimated to be 3 fold and 

1.5 fold higher than the values reported in the literature (99). Table 3.1 and Table 3.2 

include details on the initial plasma concentrations and the values of the estimated 

kinetic constants used in the model. 

3.4.5 Statistical analysis  

Experimental data were analyzed using GraphPad Prism 9 software (San Diego, CA). 

Data are shown as means ± standard error of means (SEM) of 3 independent 

experiments. Illustrated curves from experiments are representative of three 

independent trials performed in duplicates. Single pair comparisons were analyzed by 

2-tailed student’s t test. Dunnett’s multiple comparisons tests with two-way analysis 

of variance (ANOVA) were performed to compare vehicle with treatments for more 

than two groups.  



48 

3.5 Results 

3.5.1 FXI increases TF-initiated thrombin generation in a TF concentration-

dependent manner 

First, we experimentally analyzed the contribution of FXI to thrombin generation 

initiated via TF in vitro to understand conditions for which the Hockin-Mann (HM) 

model required extension to include the contribution of FXI. To achieve this, we 

measured thrombin generation in FXI-depleted human plasma supplemented with 

either a physiological concentration of human FXI (30 nM) or vehicle. We used a 

fluorogenic substrate assay to measure thrombin generation (100). In this assay, the 

thrombin concentration was measured every minute by recording the fluorescent 

signal resulting from the cleavage of the fluorogenic substrate, Z-G-G-Ar-AMC. The 

thrombin concentration at each time point was computed and used to prepare a 

thrombin generation curve. The resulting curves were used to derive the following 4 

output parameters to assess different aspects of thrombin generation: Endogenous 

Thrombin Potential (ETP) – area under the curve (nM.min), peak thrombin – 

maximum thrombin concentration measured during the observation period (nM), lag 

time – time to generate 2 nM of thrombin (min), and peak time – time to reach peak 

thrombin (min). Increases in ETP and/or peak thrombin or decreases in lag time 

and/or peak time is indicative of enhanced thrombin generation. To restrict our study 

to the TF-initiated FXI feedback pathway for thrombin generation, we pretreated all 

plasmas with the FXIIa inhibitor CTI (40 µg/ml) (101). This eliminates any potential 

contribution from FXI activation by FXIIa.  
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When thrombin generation was initiated in FXI-depleted plasma with 0.125 pM TF, 

the inclusion of FXI dramatically increased the rate and extent, but not the peak time 

of thrombin generation (Figure 3.1A). This was exemplified by a 145% increase in 

ETP (1166 ± 90 to 2859 ± 121 nM.min; mean ± S.E; Figure 3.1E) and a 140% 

increase in peak thrombin (49.67 ± 1.17 to 119.87 ± 3.13 nM Figure 3.1F) coupled 

with a 50% decrease in lag time observed in the presence of FXI (Figure 3.1G-H). 

Similar trends were observed for 0.25 pM TF-initiated thrombin generation (Figure 

3.1B, E-H). As the initiating concentration of TF increased up to 1 pM, the relative 

contribution of FXI to the overall rate and extent of thrombin generation fell below 

10% (Figure 3.1A-H). As expected, no thrombin generation was observed in the 

absence of TF (data not shown). Activated coagulation factor XI (FXIa) activates 

coagulation factor IX (FIX) to promote thrombin generation. To determine if the 

observed increase in thrombin generation in the presence of FXI was due to the 

activation of FIX by FXIa, we pretreated plasmas with an anti-factor XI mAb 1A6, to 

selectively eliminate the activation of FIX by FXIa (97,102,103). Note that, 1A6 does 

not inhibit the activation of FXI by thrombin (104). Indeed, pretreatment with 1A6 

reversed the FXI-dependent increase in thrombin generation in plasma induced to clot 

with 0.125 or 0.25 pM TF but did not produce a significant change with 0.5 or 1 pM 

TF (Figure 3.1A-H).   

These experimental results established a range of TF concentrations for which FXI 

makes substantial contribution to the rate and extent of thrombin generation. Based 

on these results, the inclusion of the feedback loop of FXI activation to the Hockin-

Mann (HM) model of thrombin generation at low concentrations of TF is warranted. 
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Figure 3.1. Sensitivity of TF-initiated thrombin generation to FXI. (A-D) Thrombin 

generation in FXI-depleted plasma (FXI-dep) supplemented with 30 nM FXI or vehicle 

was initiated by the addition of TF (0.125 – 1 pM) and Ca2+. Experiments were run in the 

presence or absence of the anti-FXI mAb, 1A6 (30 µg/ml). (E) Endogenous thrombin 

generation potential (ETP), (F) Peak thrombin concentrations, (G) Lag time and (H) Peak 

time were estimated from the thrombin generation curves for each condition. Data are 

means ± SEM (n = 3). * P < 0.05 with respect to FXI-dep+FXI. 
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3.5.2 Effect of FXI on FXa-initiated thrombin generation  

As the TF-FVIIa complex drives thrombin generation by activating coagulation 

factor X (FX), we sought to identify the range of FXa concentrations at which 

FXI contributes to the rate and extent of FXa-mediated thrombin generation. 

When thrombin generation was initiated with 0.1 nM FXa, similar to our 

observations with low TF, the addition of FXI to FXI-depleted plasma 

dramatically increased the rate and extent of thrombin generation (Figure 3.2A). 

Under these conditions, both the FXa-generated ETP (258.6 ± 149.2 to 3721.5 ± 

399.5 nM.min; Figure 3.2C) and the peak thrombin (13 ± 6 to 154.8 ± 19.5 nM; 

Figure 3.2D) increased more than 1000% in the presence of FXI compared to the 

presence of vehicle. We also observed a decrease in lag time (Figure 3.2E) and 

peak time (Figure 3.2F) in the presence of FXI. As with TF-initiated thrombin 

generation, the selective blockade of FIX activation by FXIa with 1A6 eliminated 

the contribution of FXI to FXa-initiated thrombin generation at low FXa levels 

(Figure 3.2A and C). As the initiating concentration of FXa increased up to 0.5 

nM, the relative contribution of FXI to the overall rate and extent of thrombin 

generation fell below 10% (Figure 3.2B-F). 

Together, these results demonstrate that the contribution of FXI to thrombin 

generation is dependent on the initial concentration of FXa or TF used to trigger 

coagulation. 
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Figure 3.2. Sensitivity of FXa-initiated thrombin generation to FXI.  (A-B) FXa (0.1 

or 0.5 nM) was used to initiate thrombin generation in FXI-depleted plasma (FXI-dep) 

supplemented with 30 nM FXI or vehicle in the presence or absence of the anti-FXI 

mAb, 1A6 (30 µg/ml). (C) Endogenous thrombin generation potential (ETP), (D) Peak 

thrombin concentration, (E) Lag time and (F) Peak time were estimated from the 

thrombin generation curves recorded for each condition. Data are means ± SEM (n = 3).     

* P < 0.05 with respect to FXI-dep+FXI. 

 

3.5.3 A systems biology model of TF-pathway of thrombin generation  

The HM model was one of the first mathematical models to describe the TF pathway 

of thrombin generation. The model does not include FXI as the mechanistic role of 

FXI in thrombin generation was unclear at the time the HM model was developed 

(86,105). The HM model was built for simulating in vitro thrombin generation and 

was originally validated with measurements of thrombin concentrations formed in a 
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mixture of purified plasma zymogens at their physiologic concentrations rather than 

in plasma itself (85,106). It is noteworthy that this ‘synthetic’ plasma did not include 

FXI and was studied at TF-initiating concentrations of more than 1 pM. Thus, we 

suspect that the original HM model would be unable to predict the thrombin 

generation dynamics observed in our studies with low concentrations of TF where 

thrombin generation is most dependent on FXI.   

To test this hypothesis, we compared our experimental results for thrombin 

generation initiated by 0.125 and 0.25 pM TF in FXI-depleted plasma. The initial 

concentrations of the plasma species were computationally set to the physiological 

levels of zymogens and enzymes normally found in plasma (Table 3.1). The 

computed thrombin curves from the simulations were used to derive ETP, peak 

thrombin, lag time and peak time. As shown in Figure 3.3A-F, the HM model was 

unable to predict the thrombin generation curve or the four kinetic outputs to match 

the experimentally derived data for either 0.125 or 0.25 pM TF. This was particularly 

evident for the condition using 0.125 pM TF, where the HM model predicted an   

ETP < 1 nM.min compared with an experimental average of 1150 nM.min ETP 

(Figure 3.3C). The inability of the HM model to capture the kinetics of thrombin 

generation in a system depleted of FXI provided the rationale for making the 

following modifications: 

1. Include reactions describing the activation of FVII in the TF-FVII complex to 

FVIIa by FXa, thrombin and the TF-FVIIa complex, itself. We assumed that 

the kinetics of TF-FVII activation is similar to the activation of FVII by FXa, 

thrombin and TF-FVIIa complex allowing us to use the same kinetic 
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parameters for both sets of reactions. This is required in light of recent studies 

suggesting that FVII can be activated by several proteases while in a complex 

with TF (93,107). The following chemical expressions were used to represent 

the reactions added to the HM model.  

𝑇𝐹­𝐹𝑉𝐼𝐼 + 𝐹𝑋𝑎 → 𝑇𝐹­𝐹𝑉𝐼𝐼𝑎 + 𝐹𝑋𝑎 

𝑇𝐹­𝐹𝑉𝐼𝐼 + 𝐼𝐼𝑎 → 𝑇𝐹­𝐹𝑉𝐼𝐼𝑎 + 𝐼𝐼𝑎 

𝑇𝐹­𝐹𝑉𝐼𝐼 + 𝑇𝐹­𝐹𝑉𝐼𝐼𝑎 → 𝑇𝐹­𝐹𝑉𝐼𝐼𝑎 + 𝑇𝐹­𝐹𝑉𝐼𝐼𝑎 

2. The kinetic constants of the reactions were updated by fitting them to the 

experimental data derived from 0.125 and 0.25 pM TF-initiated thrombin 

generation in FXI-depleted plasma. The error between the experimental data 

and the predicted values from the model simulations was minimized 

according to an objective function as described below. The objective function 

consists of experimentally estimated average values of ETP, peak thrombin, 

lag time and peak time and the corresponding predictions from the HM model 

simulations. We used these outputs from thrombin generation curves as a way 

of representing the average experimental data for parameter estimation. The 

estimated parameters were used to simulate thrombin generation curves and 

compared with the thrombin generation curves from the experiments (44). 

Objective =  Objective 1 + Objective 2  

Objective 1 =  ∑ (
𝐸𝑇𝑃𝑒𝑥𝑝 − 𝐸𝑇𝑃𝑚𝑜𝑑𝑒𝑙

𝐸𝑇𝑃𝑒𝑥𝑝
)

2

+ (
𝑃𝑒𝑎𝑘𝑒𝑥𝑝 − 𝑃𝑒𝑎𝑘𝑚𝑜𝑑𝑒𝑙

𝑃𝑒𝑎𝑘𝑒𝑥𝑝
)

2

0.125 𝑝𝑀 𝑇𝐹

+ (
𝐿𝑇𝑒𝑥𝑝 − 𝐿𝑇𝑚𝑜𝑑𝑒𝑙

𝐿𝑇𝑒𝑥𝑝
) 2 + (

𝑃𝑇𝑒𝑥𝑝 − 𝑃𝑇𝑚𝑜𝑑𝑒𝑙

𝑃𝑇𝑒𝑥𝑝
)

2
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Objective 2 =  ∑ (
𝐸𝑇𝑃𝑒𝑥𝑝 − 𝐸𝑇𝑃𝑚𝑜𝑑𝑒𝑙

𝐸𝑇𝑃𝑒𝑥𝑝
)

2

+ (
𝑃𝑒𝑎𝑘𝑒𝑥𝑝 − 𝑃𝑒𝑎𝑘𝑚𝑜𝑑𝑒𝑙

𝑃𝑒𝑎𝑘𝑒𝑥𝑝
)

2

0.25 𝑝𝑀 𝑇𝐹

+ (
𝐿𝑇𝑒𝑥𝑝 − 𝐿𝑇𝑚𝑜𝑑𝑒𝑙

𝐿𝑇𝑒𝑥𝑝
)

2

+ (
𝑃𝑇𝑒𝑥𝑝 − 𝑃𝑇𝑚𝑜𝑑𝑒𝑙

𝑃𝑇𝑒𝑥𝑝
)

2

 

where, 𝐿𝑇 − 𝐿𝑎𝑔 𝑡𝑖𝑚𝑒 𝑎𝑛𝑑 𝑃𝑇 − 𝑃𝑒𝑎𝑘 𝑡𝑖𝑚𝑒 

Hereafter, we refer to the HM model after modifications 1 and 2 as the modified 

(mod.) HM model. As shown in Figure 3.3A and B, thrombin generation curve 

derived from the mod.HM model was in close agreement with the experimental data 

using FXI-depleted plasma based on visual inspection. All the four outputs of 

thrombin generation from the mod.HM model were fitted within 10% of the 

experimentally derived values. The kinetic parameters of reactions involving TF and 

FVIIa, reactions 1,3, 4, 17, 39,40 and 41 were estimated to be at least 10-fold 

different from the original HM model. These reactions are either procoagulant, 

involved in the generation of proteases that will accelerate thrombin generation, 

(1,3,4 and 17) or anticoagulant, such as the inhibition of FXa and TF-FVIIa complex 

by TFPI. Most importantly, the kinetics of TF and FVIIa complex formation was 

estimated to be 100-fold more than the HM model. This is expected as these reactions 

control the initiation phase, based on sensitivity studies in the literature, of the 

thrombin generation which is predicted to be at least 5 times slower than the 

experimental data by the original HM model as can be seen in Figure 3.3 (108). 

Reaction 7, FVII activation by FXa is also a part of the initiation phase, parameters of 

which are increased by more than 100-fold to fit the experimental thrombin 

generation curve. It is noteworthy that the original HM model used synthetic plasma 
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that lacked the natural cofactors such as microparticles and lipids that have been 

shown to accelerate several reactions of the coagulation network including the TF-

initiated thrombin generation (109). 

Thus, our modifications improved the robustness of the HM model of TF-mediated 

thrombin generation under conditions in which plasma lacks FXI activity. 

 

Table 3.1 Average initial plasma concentrations of enzymes and inhibitors 

Species Initial concentration (nM) 

TF Varied 

FVII 10 

TF-FVII 0 

FVIIa 0.1 

TF-FVIIa 0 

FXa 0 

IIa (thrombin) 0 

FX 160 

TF-FVIIa-FX 0 

TF-FVIIa-FXa 0 

FIX 90 

TF-FVIIa-FIX 0 

FIXa 0 

II (prothrombin) 1400 

FVIII 0.7 

FVIIIa 0 

FIXa-FVIIIa 0 

FIXa-FVIIIa-FX 0 

FVIIIa1.L 0 

FVIIIa2 0 

FV 20 

FVa 0 

FXa-FVa 0 

FXa-FVa-II 0 

mIIa (meizothrombin) 0 

TFPI 2.5 

FXa-TFPI 0 

FVIIa-TF-FXa-TFPI 0 

ATIII 3400 

FXa-ATIII 0 
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Table 3.1 (continued) 

Species Initial concentration (nM) 

mIIa-ATIII 0 

FIXa-ATIII 0 

IIa-ATIII 0 

TF-FVIIa-ATIII 0 

FXI 30 

FXI-IIa 0 

FXIa 0 

FXIa-FIX 0 

C1inh 2500 

FXIa-C1inh 0 

FXIa-ATIII 0 
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Figure 3.3. Comparison of in vitro and in silico TF-initiated thrombin generation in 

FXI-depleted plasma  Thrombin generation in FXI-depleted plasma was simulated using 

the Hockin-Mann (HM) model (black dotted line) or the modified Hockin-Mann 

(mod.HM) model (grey line) with physiological concentrations of enzymes as described 

in methods, 0 nM FXI and (A) 0.25 or (B) 0.125 pM TF and (A-B) plotted alongside the 

curves obtained from experiments in FXI-depleted plasma with vehicle (black solid line). 

(C) Endogenous thrombin generation potential (ETP), (D) Peak thrombin concentration, 

(E) Lag time and (F) Peak time were estimated from HM (grey bars), m.HM (white bars) 

and experiments in FXI-depleted plasma (black bars). Lag time and peak time were 

recorded as 60 minutes if < 2 nM thrombin was generated within 60 min. No bars in (C) 

and (D) for the HM model indicate that < 2 nM of thrombin generation was recorded 

within 60 min of simulation. Experimental data are shown as mean ± SEM (n = 3). 
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3.5.4 Extending the mod.HM model to include FXI 

As the mod.HM model does not include FXI, it cannot capture effects of FXI on 

thrombin generation. To address this limitation, we included the following 

mechanisms related to FXI activation and activity in the mod.HM model (herein 

referred to as the ‘extended HM model’, or ext.HM model): 

1. FXI activation by thrombin.   

𝐹𝑋𝐼 + 𝐼𝐼𝑎 ↔ 𝐹𝑋𝐼­𝐼𝐼𝑎 → 𝐹𝑋𝐼𝑎 + 𝐼𝐼𝑎 

2. FIX activation by FXIa.  

𝐹𝐼𝑋 + 𝐹𝑋𝐼𝑎 ↔ 𝐹𝐼𝑋­𝐹𝑋𝐼𝑎 →  𝐹𝐼𝑋𝑎 + 𝐹𝑋𝐼𝑎 

3. FXIa inhibition by antithrombin (ATIII) and C1-inhibitor (C1inh).  

𝐹𝑋𝐼𝑎 + 𝐶1𝑖𝑛ℎ → 𝐹𝑋𝐼𝑎­𝐶1𝑖𝑛ℎ;  𝐹𝑋𝐼𝑎 + 𝐴𝑇𝐼𝐼𝐼 →  𝐹𝑋𝐼𝑎­𝐴𝑇𝐼𝐼𝐼 

 

We took parallel approaches to extend the mod.HM model. First, we incorporated the 

literature values for kinetic constants of the activation of FXI by thrombin. In the 

second approach, we estimated the kinetic constants based on fitting curves to our 

experimental data. The caveat for the literature values was that they were measured in 

the presence of dextran sulfate – an exogenous cofactor of FXI activation by 

thrombin – and thus may overestimate the kinetics of endogenous FXI activation by 

thrombin (92). Our experimental data were derived from conditions under which 

thrombin generation was most sensitive to FXI: 0.125 and 0.25 pM TF-initiated 

thrombin generation in FXI-depleted plasma supplemented with 30 nM FXI.  
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Both simulation approaches were performed for initial TF concentrations of 0.125 or 

0.25 pM TF and the initial concentration of FXI computationally set to 30 nM. 

Simulated thrombin generation curves (Figure 3.4A-D) and the outputs derived from 

the curves were then compared to the experimental data (Figure 3.4E-H).  

The ext.HM model run with kinetic parameters from the literature predicted peak 

thrombin values that were >2-fold higher than the experimentally-derived values 

(Figure 3.4A, C and F). Moreover, the literature-based model predictions were 

insensitive to changes in TF concentration (Figure 3.4A and C). For example, the 

model predicted a <1% decrease in ETP and peak thrombin when the TF 

concentration fell from 0.25 to 0.125 pM, whereas a >33% decrease was observed 

experimentally (Figure 3.4E-F). Similarly, both the lag time and peak time were 

insensitive to TF concentration when ext.HM model was run with kinetic parameters 

from the literature (Figure 3.4G-H). However, the predicted thrombin generation 

curves were sensitive to TF concentration in a manner consistent with experimental 

observation when the ext.HM model was simulated with estimated kinetic constants 

(values listed Table 3.2). Ext.HM model simulations with estimated kinetic 

parameters predicted a decrease in ETP and peak thrombin consistent with the 

experimental observation when the TF concentration was decreased from 0.25 pM to 

0.125 pM (Figure 3.4E and F). Therefore, we chose to use experimentally-derived 

estimated kinetics for extending the mod.HM model to extended HM (ext.HM) 

model. The ext.HM model is used further to predict the role of the FXI feedback 

mechanism in thrombin generation.  
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Figure 3.4. Comparison of in vitro and in silico TF-initiated thrombin generation in 

plasma with FXI. Experimental curves are from the experiments in FXI-depleted plasma 

supplemented with 30 nM FXI as described in Figure 3.1. Sensitivity of TF-initiated 

thrombin generation to FXI. (A) and (C) Thrombin generation curves from the 

simulations of extended (ext.)-HM model with FXI-related kinetics from literature (Lit. 

FXI kinetics) (black broken line) and experiments (red solid line). (B) and (D) Thrombin 

generation from simulation using ext.HM model with FXI-related kinetic parameters 

estimated by fitting to the experimental data (Est. FXI kinetics) (blue broken line) and 

experiments (red solid line). (E) ETP, (F) peak thrombin, (G) lag time and (H) peak time 

were estimated from the experiments (black bars) and the simulations of mod.HM model 

with literature kinetic parameters (dark grey bars) and estimated kinetic parameters 

(white bars) as described in methods. Experimental data are expressed as means ± SEM 

(n = 3). 
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3.5.5 Validating the ext.HM model 

We tested the predictive capabilities of the ext.HM model using a novel set of 

conditions not previously used during kinetic parameter estimation. We chose to 

predict and experimentally validate the role of FXI in TF-mediated thrombin 

generation in the presence or absence of an endogenous inhibitor of the 

TF/FVIIa/FXa complex, tissue factor pathway inhibitor (TFPI). The ability of TFPI 

to reduce thrombin generation becomes more pronounced as TF concentrations 

decrease (6,26) and for the purpose of our study, we predicted that this effect would 

be maximal for conditions of low TF where FXI makes its most substantial 

contribution to thrombin generation. Simulations were performed for TF 

concentrations of 0.125 or 0.25 pM with or without physiological levels of FXI (30 

nM) or TFPI (2.5 nM).  

The simulations indicate that removing TFPI from the in silico system eliminates the 

contribution of FXI to thrombin generation (Figure 3.5A and E). In particular, our 

model predicts that for the initiating condition of 0.125 pM TF, removing TFPI from 

the system caused a 10-fold reduction in the sensitivity of ETP to FXI (Figure 3.5E-

F). This suggests that the inhibitory function of TFPI is absolutely necessary in order 

to observe the effect of FXI on thrombin generation under conditions of low TF.  

Next, we took an integrative approach to validate the effect of TFPI on thrombin 

generation predicted by the ext.HM model under conditions of low TF. We measured 

thrombin generation initiated with 0.125 or 0.25 pM TF, in FXI-depleted plasma 

supplemented with vehicle or 30 nM FXI. We neutralized the function of plasma 



63 

TFPI with anti-TFPI antibodies. Any potential effects of the FXII-mediated contact 

activation pathway to thrombin generation were abrogated by inclusion of CTI (40 

µg/ml) in plasma.  

In agreement with the effect predicted by the ext.HM model for TFPI on FXI-

mediated thrombin generation, we observed that blocking plasma TFPI abrogated the 

potentiating effect of FXI on the total extent of thrombin generated, ETP (Figure 

3.5D and H), as well as the kinetics of the thrombin generation curve (Figure 3.5B 

and F). This integrative approach demonstrates the robustness and utility of the 

ext.HM model to predict the influence of FXI on thrombin generation. 
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Figure 3.5. Validation of the extended Hockin-Mann model. The effect of TFPI on 

TF-initiated thrombin generation in the presence or absence of FXI is predicted using the 

extended (ext.) HM model. Experiments were conducted in FXI-depleted plasma (FXI-

dep) supplemented with 30 nM FXI or vehicle in the presence or absence of TFPI 

blocking antibodies (5 µg/ml). All plasmas were incubated with CTI to block FXIIa 

activity. Thrombin generation curves from simulations initiated with (A) 0.125 or (E) 

0.25 pM TF and 0 or 30 nM FXI with 0 or 2.5 nM TFPI. Thrombin generation was 

initiated with (B) 0.125 or (F) 0.25 pM TF in FXI-depleted plasma supplemented with 30 

nM FXI or vehicle. In select experiments, plasma was pretreated with blocking antibodies 

against K-1 and K-2 domains of TFPI. (C) and (D) show the ETP of 0.125 pM TF-

initiated thrombin generation as estimated from simulations and experiments for each 

condition, respectively. (G) and (H) show the ETP of 0.25 pM TF-initiated thrombin 

generation from simulations and experiments, respectively. Experimental data are shown 

as means ± SEM (n = 3). * P < 0.05 with respect to FXI-dep plasma with vehicle. 
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Table 3.2 Reactions and kinetic constants of the extended Hockin-Mann model 

No. Reactions Kinetic 

constant 

Units Fold change from 

the HM model 

1 TF + FVII = TF-FVII 1.7 x 105 𝑀−1𝑠−1 18 

2 TF-FVII = TF + FVII 3.0 x 10−3 𝑠−1 1 

3 TF + FVIIa = TF-FVIIa 2.2 x 108 𝑀−1𝑠−1 9.6 

4 TF-FVIIa = TF + FVIIa 3.1 x 10−5 𝑠−1 100 

5 TF-FVIIa + FVII = TF-FVIIa + FVIIa 4.4 x 105 𝑀−1𝑠−1 1 

6* TF-FVIIa + TF-FVII = TF-FVIIa + TF-FVIIa 4.4 x 105 𝑀−1𝑠−1 - 

7 FXa + FVII = FXa + FVIIa 2.5 x 109 𝑀−1𝑠−1 196 

8* FXa + TF-FVII = FXa + TF-FVIIa 2.5 x 109 𝑀−1𝑠−1 - 

9 IIa + FVII = IIa + FVIIa 2.3 x 104 𝑀−1𝑠−1 1 

10* IIa + TF-FVII = IIa + TF-FVIIa 2.3 x 104 𝑀−1𝑠−1 1 

11 TF-FVIIa + FX = TF-FVIIa-FX 7.5 x 106 𝑀−1𝑠−1 3.3 

12 TF-FVIIa-FX = TF-FVIIa + FX 5.2 x 10−1 𝑠−1 2 

13 TF-FVIIa-FX = TF-FVIIa-FXa 1.1 x 101 𝑠−1 1.92 

14 TF-FVIIa + FXa = TF-FVIIa-FXa 2.2 x 107 𝑀−1𝑠−1 1 

15 TF-FVIIa-FXa = TF-FVIIa + FXa 3.9 x 101 𝑠−1 2 

16 TF-FVIIa + IX = TF-FVIIa-IX 2.7 x 107 𝑀−1𝑠−1 2.7 

17 TF-FVIIa-IX = TF-FVIIa + IX 4.2 x 102 𝑠−1 177 

18 TF-FVIIa-IX = TF-FVIIa + FIXa 1 x 101 𝑠−1 5.9 

19 II + FXa = IIa + FXa 9.2 x 103 𝑀−1𝑠−1 1.2 

20 IIa + FVIII = IIa + FVIIIa 2.5 x 107 𝑀−1𝑠−1 1.2 

21 FVIIIa + FIXa = FIXa-FVIIIa 5 x 107 𝑀−1𝑠−1 5 

22 FIXa-FVIIIa = FVIIIa + FIXa 2.8 x 10−3 𝑀−1𝑠−1 1.75 

23 FIXa-FVIIIa + X = FIXa-FVIIIa-FX 1.3 x 108 𝑀−1𝑠−1 1.34 

24 FIXa-FVIIIa-X = FIXa-FVIIIa + X 1.0 x 10−3 𝑠−1 1 

25 FIXa-FVIIIa-X = FIXa-FVIIIa + FXa 4.2 x 101 𝑠−1 5.1 

26 FVIIIa =FVIIIa1 + FVIIIa2 7.5 x 10−3 𝑠−1 1.2 

27 FVIIIa1 + FVIIIa2 = FVIIIa 2.1 x 104 𝑀−1𝑠−1 1 

28 FIXa-FVIIIa-FX = FVIIIa1 +FVIIIa2 + FX + FIXa 1.4 x 10−4 𝑠−1 7.1 

29 FIXa-FVIIIa = FVIIIa1 + FVIIIa2 + FIXa 6.1 x 10−4 𝑠−1 1.6 

30 IIa + FV = IIa + FVa 2.3 x 107 𝑀−1𝑠−1 1.1 

31 FXa + FVa = FXa-FVa 4.9 x 108 𝑀−1𝑠−1 1.2 

32 FXa-FVa = FXa + FVa 3 x 10−1 𝑠−1 1.5 

33 FXa-FVa + II = FXa-FVa-II 2.5 x 107 𝑀−1𝑠−1 3.9 

34 FXa-FVa-II = FXa-FVa + II 7.8 x 101 𝑠−1 1.3 

35 FXa-FVa-II = FXa-FVa + mIIa 1.3 x 101 𝑠−1 4.8 

36 FXa-FVa + mIIa = FXa-FVa + IIa 2.3 x 107 𝑠−1 1.6 

37 FXa + TFPI = FXa-TFPI 2.2 x 107 𝑀−1𝑠−1 24 
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Table 3.2 (continued) 

     

     

No. Reactions Kinetic 

constant 

Units Fold change from 

the HM model 

38 FXa-TFPI = FXa + TFPI 3.7 x 10−5 𝑠−1 9.7 

39 TF-FVIIa-FXa + TFPI = TF-FVIIa-FXa-TFPI 1 x 107 𝑀−1𝑠−1 31 

40 TF-FVIIa-FXa-TFPI = TF-FVIIa-FXa + TFPI 1 x 10−5 𝑠−1 10 

41 TF-FVIIa + FXa-TFPI = TF-FVIIa-FXa-TFPI 4.4 x 108 𝑀−1𝑠−1 8.7 

42 FXa + ATIII = FXa-ATIII 1.2 x 103 𝑀−1𝑠−1 1.2 

43 mIIa + ATIII = mIIa-ATIII 1 x 104 𝑀−1𝑠−1 1.4 

44 FIXa + ATIII = FIXa-ATIII 7 x 102 𝑀−1𝑠−1 1.4 

45 IIa + ATIII = IIa-ATIII 2.1 x 103 𝑀−1𝑠−1 3.4 

46 TF-FVIIa + ATIII = TF-FVIIa-ATIII 3.3 x 102 𝑀−1𝑠−1 1.4 

47* FXI + IIa = FXI-IIa 5 x 107 𝑀−1𝑠−1 - 

48* FXI-IIa = XI + IIa 9.9 𝑠−1 - 

49* FXI-IIa = FXIa + IIa 1.1 x 10−4 𝑠−1 - 

50* FXIa + FIX = FXIa-FIX 6.1 x 105 𝑀−1𝑠−1 - 

51* FXIa-IX = FXIa + IX 9.9 x 10−1 𝑠−1 - 

52* FXIa-IX = FXIa + FIXa 1.1 x 10−1 𝑠−1 - 

53* FXIa + ATIII = FXIa-ATIII 3.2 x 102 𝑀−1𝑠−1 - 

54* FXIa + C1inh = XIa-C1inh 1.8 x 103 𝑀−1𝑠−1 - 

 

II – prothrombin, FVIIIa1 and FVIIIa2 – trimeric forms of FVIIIa, mIIa –meizothrombin, 

ATIII – antithrombin, C1inh – C1 inhibitor. *Reactions not part of the original HM 

model that are added in this study.   

 

3.6 Discussion 

Feedback activation mechanisms are central to the self-regulation of biological 

processes ranging from cellular signaling to protein synthesis (110-114). For 

instance, an organized set of positive and negative feedback mechanisms control the 

complex biochemical reaction networks observed in metabolic pathways, 

complement pathways of the immune system, and the pathways of blood coagulation. 

Due to the inherent complexity associated with the presence of several series and 

parallel reactions in biochemical reaction networks, intuitive analysis alone is 

insufficient to assess the importance of individual reactions, necessitating a systems-
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based approach. In this work, we present a case example of the TF pathway of 

thrombin generation to demonstrate the utility of synchronizing experimental and 

computational systems biology models to map the feedback mechanisms of a 

complex reaction network. We believe our approach is versatile and simple and can 

be extended to the study of any complex reaction system with feedback loops.       

In the initiation phase of coagulation, formation of a complex of TF and FVIIa 

catalyzes a series of enzymatic reactions that culminate in the generation of thrombin 

(115). In the propagation phase, thrombin self-regulates its production through 

feedback of activation of FVII, FVIII, FV and FXI (116). The mean plasma 

concentration of FXI (30 nM) is higher than the other zymogens FVII (10 nM), and 

cofactors FVIII (0.3 nM) and FV (20 nM), yet the catalytic efficiency (kcat/Km) of 

FXI activation by thrombin is at least 100-fold lower than those for activation of the 

other coagulation factors (10,84,86). Moreover, the primary substrate for FXIa is 

FIX, which can also be directly activated by the TF-FVIIa complex. Thus, robust 

thrombin generation driven by relatively high concentrations of TF or FXa would be 

predicted to be insensitive to FXI. This has led some to question the physiological 

relevance of FXI activation by thrombin (96,117). However, we and others 

hypothesize that FXI activation by thrombin affects the propagation of thrombin 

generation when the initial thrombin generation rate through the main reaction 

pathways is initiated by relatively low initial concentrations of TF or FXa (97,102). 

By incorporating the FXI feedback activation mechanism, we have improved an 

established network model that encompassed not only the major reaction pathways 

but also the role of regulatory mechanisms in the generation of thrombin. 
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Our network model predicts that manipulating the initial rates of thrombin generation 

by selectively neutralizing a specific inhibitor also changes the sensitivity of 

thrombin generation to FXI. TFPI is an endogenous inhibitor of FXa and the TF-

FVIIa complex. In simulations of thrombin generation initiated with a low TF 

concentration, the model predicted that eliminating TFPI will increase the initial rate 

of thrombin generation and abolish the effect of FXI on TF-mediated thrombin 

generation. Our experimental validation of this computationally-derived hypothesis 

provides credence to the theory that amplifying the propagation phase of thrombin 

generation through feedback activation of FXI is important in low tissue factor 

environments. 

Applied to physiology, this pathway could underlie a spatial role for FXI in 

propagating thrombin generation during the growth and stabilization phase of 

hemostatic plug development beyond the initial burst of thrombin generated by 

surface-expressed TF at the site of a vascular breach (65,103,118-120). Furthermore, 

this mechanism could propagate the growth of pathologic occlusive thrombi, 

suggesting it may be a useful target for antithrombotic therapy. For instance, several 

biological substances that are likely to be present in a growing thrombus, including 

polyphosphates released from platelets (121), the platelet surface itself (122), and 

neutrophil extracellular traps (NETs) (123,124) have been shown to affect the 

activation rate of FXI or the kinetics of FXI activity. 

Similar to the HM model we approximate surface and bulk reactions together as bulk 

reactions but this did not affect the capacity of ext.HM model to predict qualitative 

changes in thrombin generation profiles in response to changes in stimulus as 



69 

observed in vitro. Potential roles for the surface-based FXI activation or inhibition are 

not included in our model. Future work focused on modifying the kinetics of FXI 

feedback activation by cofactors and biologically relevant surfaces can establish the 

effect of this feedback mechanism on thrombin generation and thrombus formation 

differentially in a disease setting. 

In addition to activating FIX, FXIa can contribute to thrombin generation by 

activating FX, FV, and FVIII and by inhibiting TFPI (125-127). Further refinements 

to the model will be required to include these mechanisms to the reaction topology of 

the current model. However, even in the absence of explicit consideration of surface 

reactions and additional mechanisms of FXI, the ext.HM model can be useful in 

predicting qualitative changes on thrombin generation profiles in response to changes 

induced by stimulus as observed in vitro.  

In conclusion, we observed a threshold behavior for the involvement of FXI in 

thrombin generation based on the initial rate of thrombin generation determined by 

the concentrations of TF or FXa used to initiate coagulation. Experimental data from 

thrombin generation assays were first used to improve the robustness of the systems 

biology model of TF pathway, the HM model, followed by extension of the model to 

include FXI. The ext.HM model was subsequently used to predict the ability of TFPI 

to influence the importance of FXI on thrombin generation, which was 

experimentally validated using thrombin generation assays. This demonstrates the 

utility of computational systems biology approaches to evaluate complex reaction 

systems with feedback loops.  
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4.1 Abstract  

The core structure of the extracellular basement membrane is made up of self-

assembling networks of collagen and laminin which associate with each other 

through the bridging adapter proteins including the sulfated monomeric glycoprotein 

nidogen. While collagen and laminin are known to support platelet adhesion and 

activation via β1 integrins and glycoprotein (GP) VI, respectively, whether nidogen 

contributes to platelet activation and hemostasis is unknown. In this study we 

demonstrate that recombinant human nidogen-1 supports platelet adhesion and 

stimulates platelet activation in a phospholipase-C γ-2 (PLCγ2), Src and Syk kinase-

dependent manner downstream. Platelet adhesion to nidogen was inhibited by 

blocking the platelet receptors GPVI and β1 integrins. Platelet adhesion to nidogen 

activated the IκB kinase (IKK) complex, while pharmacological inhibition of IKK 

blocked platelet spreading on nidogen. Taken together our results suggest that 

nidogen may play a redundant role in hemostasis by activating platelets downstream 

of GPVI. 
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4.2 Introduction 

Chapter 3 presented an analysis of the biochemical reactions of the coagulation 

network responsible for the generation of thrombin. A hemostatic plug is the result of 

fibrin formation and platelet activation, in part, by the ECM proteins such as collagen 

and laminin. In addition to activating platelets, ECM proteins also support platelet 

adhesion to serve as a platform for platelet aggregation. Collagen and laminin are 

linked together by a globular protein called nidogen. Studies in Chapter 4 were 

designed to determine if nidogen-1 can activate platelets and play a role in 

hemostasis. The data presented in the study suggests that nidogen-1 may activate 

platelets through the glycoprotein receptor GPVI and support platelet adhesion 

through integrin β1. The results of this study suggest that nidogen-1 may play a 

redundant role in hemostasis alongside collagen and laminin.  

4.3 Background 

The major constituents of the subendothelial matrix include various variants of 

collagen and laminin, which assembly to form two independent networks (128). 

Collagen plays a major role in providing structural stability while laminin is essential 

for the initial assembly of the basement membrane. As these networks have only a 

weak affinity for each other, the matrix protein nidogen acts as an integrating element 
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for basement membrane assembly by promoting noncovalent molecular connections 

between laminin and collagen IV (48). Indeed, in mice, nidogen deficiency causes 

impaired lung and heart development leading to perinatal lethality (49). Studies 

including those in C. elegans revealed that nidogen may play other nonstructural 

roles including synaptic transmission and axonal pathfinding (129,130). As collagen 

and laminin are known to play nonstructural roles in hemostasis through activation of 

blood platelets and coagulation factors, we designed the current study to investigate 

whether nidogen likewise contributes to hemostasis by supporting platelet activation. 

 

Hemostasis is dependent upon concomitant activation of the blood coagulation 

cascade and blood platelet adhesion to and activation by subendothelial extracellular 

matrix (ECM) proteins at sites of vascular injury (1). The adhesive protein von 

Willebrand factor (VWF) binds to collagen to facilitate recruitment of platelets from 

the blood stream in a glycoprotein (GP) Ib-dependent manner (19). β1 integrin-

dependent adhesion to collagen mediates firm adhesion while platelets are rapidly 

activated by the platelet Immunoglobulin superfamily receptor, GPVI. Crosslinking 

of GPVI induces Src kinase-dependent tyrosine phosphorylation of the FcR-chain 

immunoreceptor tyrosine-based activation motif (ITAM) (131,132). This initiates a 

Syk-dependent signaling cascade that leads to formation of the LAT signalosome and 

activation of one of the major effector enzymes in the GPVI signaling cascade, 

phospholipase C (PLC) 2, which triggers intracellular calcium mobilization, 

liberation of the second messengers 1,2-diacylglycerol and inositol 1,4,5 

trisphosphate and granule release (26). Activated platelets subsequently flip their 
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membrane to expose phosphatidylserine and catalyze local thrombin generation and 

fibrin formation to rapidly form a hemostatic plug (133).  

 

The discovery that the ECM protein laminin likewise binds and activates platelets in 

a GPVI-dependent manner to support thrombus formation under flow brought to light 

GPVI as more than a faithful platelet receptor for collagen (29). Rather, GPVI is a 

promiscuous receptor for a growing number of ligands including adhesive proteins 

(fibrin)ogen, fibronectin and vitronectin acting in concert to support thrombus growth 

and stabilization (28,29,134-136). Herein this study adds nidogen to the growing list 

of ligands that bind and activate GPVI to ensure thrombus formation under flow, 

providing further evidence that a cacophony of redundant mechanisms have evolved 

to activate GPVI to maintain hemostasis (137).  

4.4 Materials and Methods 

4.4.1 Reagents 

Reagents were purchased from Sigma-Aldrich (St Louis, MO, USA) unless specified 

otherwise. Recombinant human nidogen-1 was obtained from R&D Systems 

(Minneapolis, MN, USA), soluble collagen from Corning (Corning, NY, USA), 

fibrillar collagen from Chrono-Log (Havertown, PA, USA) and human fibrinogen 

from Enzyme Research (South Bend, IN, USA). U73122 and U73343 were obtained 

from Tocris (Bristol, UK). Anti-GPVI ACT017 blocking antibody was donated by 

Acticor Biotech (Paris, France). Anti–β1 (clone: AIIB2) blocking antibody was 

purchased from Millipore (Burlington, MA, USA). 
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4.4.2 Isolation of human platelets 

Platelets were isolated from human venous blood drawn from healthy volunteers 

as described in Chapter 2 of the dissertation.  

4.4.3 Static platelet adhesion and spreading assay 

Platelet adhesion and spreading assay was carried out as previously described. 

Briefly, glass coverslips were coated with human fibrinogen (50 µg/mL), soluble 

collagen (50 µg/mL) or recombinant nidogen-1 (50 µg/mL), followed by surface 

blocking with bovine serum albumin (BSA) (5 mg/mL). Inhibitors or vehicle were 

added to platelets in solution (5 × 107/mL) for 15 minutes before exposure to 

indicated immobilized surfaces. After 45 minutes, nonadherent platelets were 

discarded and surface-bound platelets were washed 3 times with PBS. Platelets were 

imaged using Kohler illuminated Nomarski differential interference contrast (DIC) 

optics with a Zeiss 63x oil immersion 1.40 NA plan-apochromat lens on a Zeiss Axio 

Imager M2 microscope. 

4.4.4 Statistical Analysis 

Data were analyzed using GraphPad PRISM 5.0 software (San Diego, CA, USA). To 

determine statistical significance, Student’s paired t-test was used for comparison 

between treatment and control, while one way-ANOVA was performed with 

Dunnet’s multiple comparison test for experiments with multiple treatments. Results 

are expressed as the mean ± standard error of the mean (SEM). Differences were 

considered significant at P < 0.05. 
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4.5 Results 

4.5.1 Nidogen supports platelet adhesion and activation 

We initially investigated the ability of immobilized recombinant nidogen-1 to support 

platelet adhesion and spreading as compared to fibrinogen and collagen. As shown in 

Figure 4.1A-B, an increasing degree of platelet binding was observed on surfaces 

coated with an increasing concentration of recombinant human nidogen-1, fibrinogen 

or soluble collagen. Moreover, platelets fully spread to form lamellipodia on 

immobilized nidogen-1, fibrinogen and soluble collagen. In contrast, a minimal 

number of platelets bound to a BSA-coated surface which served as a negative 

control.  

 

We investigated the intracellular signaling cascades activated in platelets following 

adhesion to nidogen relative to adhesion fibrinogen and the GPVI-agonist collagen-

related peptide (CRP-XL). Platelet adhesion on nidogen promoted the activation of 

tyrosine kinase signaling events, as determined by Western blotting for tyrosine 

phosphorylated proteins with 4G10 antisera, phosphorylated Syk and protein kinase 

C (PKC) activation, as determined by phosphorylation of PKC substrates, similar to 

adhesion to fibrinogen and CRP-XL (Figure 4.1C). Relative to CRP-XL adherent 

platelets, platelets adherent to nidogen showed less phosphorylation of PLC2, a 

critical regulator of secretion and activation. Other critical mediators of platelet 

secretion in the NF-kB system were phosphorylated at levels comparable to CRP-

XL(138). Interestingly, we detected phosphorylated IKK in platelets adherent on 

nidogen, suggesting consistent with our pharmacological data showing that the IKK 
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inhibitor IKK-16 blocked platelet spreading on nidogen, suggesting that the 

nongenomic role of IKK in platelets may extend to regulating platelet signaling and 

activation. 

 

Figure 4.1. Adhesion and spreading of human platelets on nidogen-1. (A) Human 

washed platelets (2 × 107/mL) were placed on coverslips coated with fibrinogen (100 

µg/mL), soluble collagen (50 µg/mL), recombinant nidogen-1 (100 µg/mL) or BSA (5 

mg/mL) for 45 min at 37º C and imaged using differential interference contrast (DIC) 

microscopy. Images are representative of three independent experiments. Scale bar, 10 

µm. (B) The number of adherent platelets on BSA, fibrinogen (FG), soluble collagen 

(CL) and nidogen-1 (ND) for increasing platelet concentrations and increasing protein 

concentrations were recorded for 3 fields of view and expressed as mean ± SEM from at 

least 3 different experiments. (C) Lysates from washed human platelets seeded on 

coverslips coated with fibrinogen, CRP-XL (collagen related peptide), recombinant 

nidogen-1 or quiescent solution were analyzed for phosphorylation of Syk, PKC (protein 

kinase C) activation, IKK activation, NF-κB activation and PLCγ2 activation by western 

blotting (WB). Blots are representative of three experiments. 
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Next, we sought to investigate mechanisms of platelet adherence and spreading on 

nidogen surfaces using pharmacological inhibitors of key signaling proteins in 

platelet activation programs. As shown in Figure 4.2A-B, platelet spreading on 

nidogen was significantly reduced in the presence of a Src family kinase inhibitor 

(PP2), a Syk-specific inhibitor (BAY 61-3606), or the PI3K inhibitor wortmannin. 

Inhibition of PLCγ2 with the broad-spectrum PLC inhibitor U73122 but not the 

inactive analog U73343 dramatically reduced both platelet adhesion and spreading on 

nidogen (Figure 4.2C-D). In parallel experiments and in accord with previous 

reports, we found that PP2, BAY 61-3606 and wortmannin significantly decreased 

platelet spreading on fibrinogen- and soluble collagen-coated surfaces (data not 

shown) (139). We next examined the role of the transcription factor NF-κB, which 

has recently been demonstrated to play non-genomic roles in platelet activation, 

secretion and aggregation (138). Inhibition of IκB kinase (IKK), an activator of     

NF-κB, with IKK-16 decreased the number of adherent platelets and significantly 

reduced platelet spreading (Figure 4.2C-D). Additionally, inhibition of IKK 

decreased platelet adhesion and prevented platelet spreading on fibrinogen and 

soluble collagen (data not shown). 

 

Together, Western blot and inhibitor studies suggest that both nidogen-1 and collagen 

share a common platelet receptor and the sequence of signaling events consistent with 

an ITAM-based signaling cascade. We therefore next tested the hypothesis that 

platelet activation by nidogen-1 was mediated by the ITAM receptor GPVI. Our 

results show that inhibition of GPVI with ACT017, a blocking antibody specific to 

GPVI, resulted in a significant decrease in the degree of adhesion of human platelets 

on nidogen. Consistent with previous studies, blockade of GPVI with ACT017 
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reduced the ability of platelets to spread on soluble collagen-coated surfaces (data not 

shown) (140,141). The degree of platelet adhesion and spreading onto nidogen-1 was 

significantly reduced by the presence of the ADP inhibitor apyrase, αIIbβ3 inhibitor 

eptifibatide, and AIIB2, a β1 integrin blocking antibody (Figure 4.2E-H). Likewise, 

platelet spreading was reduced on fibrinogen and soluble collagen by apyrase and 

eptifibatide, while AIIB2 only reduced platelet adhesion and spreading on soluble 

collagen (data not shown). Taken together these observations suggest that nidogen is 

a ligand for GPVI and β1 integrin which stimulates downstream tyrosine kinase 

signaling pathways including Src, Syk, PLC and PKC activation. 
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Figure 4.2. Effect of platelet inhibitors on platelet adhesion and spreading on 

nidogen-1. Human washed platelets (2 × 107/mL) were pre-treated with (A) vehicle 

(DMSO), Syk inhibitor (Bay-61-3606, 5 µM), SFK inhibitor (PP2, 10 µM), PI3K 

inhibitor (wortmannin, 100 nM), (C) PLC inhibitor (U73122, 10 µM),  PLC inhibitor 

analog (U73343,10 µM) or IKK inhibitor (IKK-16, 10 µM) (E) vehicle (DMSO) or anti-

GPVI (ACT017 GPVI inhibitor, 40 µg/mL) (H) vehicle (DMSO), anti- β1 (AIIB2, 20 

µg/mL), anti-αIIbβ3 (integrillin, 20 µg/mL) (data not shown) or ADP scavenger (apyrase, 

2U/ml) for 15 min prior to seeding on coverslips coated with recombinant nidogen-1 (100 

µg/mL) for 45 min at 37º C and imaged using differential interference contrast (DIC) 

microscopy. Images are representative of at least 3 independent experiments. (B) and (D) 

Number of adherent platelets and mean surface area of platelet on nidogen-1 were 

recorded for 3 fields of view for each condition and expressed as mean ± SEM. (F) and 

(H) Number of adherent platelets was recorded for 3 fields of view for each condition 

and expressed as mean ± SEM. * P < 0.05 with respect to platelet adhesion in the absence 

of inhibitors. 
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4.6 Discussion 

Here we report a potential hemostatic role for the extracellular matrix protein nidogen 

in supporting platelet adhesion and activation. Moreover, our data adds nidogen to 

the triumvirate of GPVI ligands present in the ECM including collagen and laminin. 

Nidogen exhibits a modular structure containing three globular domains, G1-3, 

separated by a linker region between G1 and G2 and a longer rod-like region located 

between G2 and G3 (43). Common to other ECM proteins, nidogen contains an 

epidermal growth factor-like (EGF) module crosslinked to a -barrel domain within 

the G2 globule; this complex is responsible for mediating interactions with both 

perlecans and collagen type IV (128). The rod domain between G2 and G3 contains 

another four EGF-like repeats, the first of which contains an RGD binding motif 

known for potentiating integrin interactions. The six LDL receptor LY modules 

present in the G3 globule of nidogen mediate interactions with laminin via its single 

laminin 1 EGF-like repeat III4. The laminin-nidogen complex and nidogen alone but 

not laminin alone are known to bind collagen, resulting in ternary complex formation, 

permitted by the fact that the G2 domain of nidogen contains the binding site for 

nidogen-collagen interactions (142). The binding site for nidogen is predominantly 

located within the triple helix region of collagen; it is the triple helical structure of 

collagen that is thought to promote the dimerization of the platelet receptor GPVI to 

induce signaling through receptor tyrosine kinases. An alternative mechanism for 

GPVI-mediated dimerization and activation may be higher-order receptor clustering 

as a result of increased ligand density (143). This may underlie the mechanism by 

which the polymers of fibrin and laminin and nidogen dimerize GPVI to induce 
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platelet activation (144). How these ligands are recognized by GPVI remains to be 

established. Yet, the fact that soluble laminin and nidogen are incapable of activating 

platelets via GPVI in solution but rather require immobilization lends credence to the 

concept that the ECM microenvironment plays a critical role in congregating GPVI 

ligands to ensure hemostasis at sites of vascular injury (29). Taken together, our study 

suggests that nidogen-1 should be considered as an addition to the growing list of 

hemostatic proteins of the ECM.  

  



82 

 Design of a microfluidic bleeding chip to evaluate antithrombotic 

agents 

Hari Hara Sudhan Lakshmanan, Adity A. Pore, Tia C. L. Kohs, Feyza Yazar, Rachel 

M. Thompson, Patrick L. Jurney, Jeevan Maddala, Sven R. Olson, Joseph J. Shatzel, 

Siva A. Vanapalli, and Owen J. T. McCarty 

This work was originally published by  

Cellular and Molecular Bioengineering, 2020; 13(4):331-339. 

Reused with permission from the publisher. 

 

5.1 Abstract 

Medical interventions that could prevent thrombosis without compromising 

hemostasis are key to improving the standard of care in patients that require 

anticoagulant and/or antiplatelet therapy. Since limited in vitro methods exist for 

assessing the effects of anticoagulants on hemostasis, the development of novel 

therapies to safely prevent thrombosis in patients relies on preclinical animal models 

and early phase human trials. Herein, we present the design of a microfluidic 

“bleeding chip” to evaluate the effects of antithrombotic therapies on hemostatic plug 

formation in vitro. The design of the microfluidic device consists of two orthogonal 

channels: an inlet that serves as a model blood vessel, and a bleeding channel to 

model hemostatic plug formation at sites of compromised endothelial barrier 

function. This is achieved by placing a series of 3 pillars spaced 10 μm apart at the 
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intersection of the two channels. The pillars and bleeding channel are coated with the 

extracellular matrix protein collagen. Perfusion of human whole blood through the 

microfluidic bleeding chip led to initial platelet adhesion and aggregation at the 

pillars followed by hemostatic plug formation and occlusion of the bleeding channel. 

This simple microfluidic device holds potential to be developed into a tool for 

assessing the effects of anticoagulant therapy on hemostasis. 

5.2 Introduction 

Hemostasis involves an interplay between the coagulation biochemistry and the 

platelet biology regulated by the forces of blood flow. While Chapters 3 and 4 

investigated the biochemistry and platelet biology, Chapter 5 describes the 

development of a microfluidic device that integrates the biochemistry and platelet 

biology together under a physiologically relevant flow environment pertinent to the 

formation of a hemostatic plug. Our device holds potential to be used as a tool to 

investigate the bleeding risks associated with novel anticoagulants to prevent 

thrombosis. Moreover, this device can also be used to design and investigate 

therapies for bleeding disorders such as hemophilia. 

5.3 Background 

Patients of respiratory diseases, such as COVID-19 and flu suffer from severe 

inflammatory and thrombotic complications (145-148). Critically ill patients with the 

flu are prone to develop thrombotic manifestations including microvascular 

thrombosis, venous thromboembolism, and acute arterial thrombosis (149). The 

recent COVID 19 pandemic has increased the importance of understanding the 
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mechanisms of cross-talk between innate immunity and coagulation, often termed as 

immunothrombosis (150). While heparin is a convenient and biologically plausible 

attractive anticoagulant for infectious diseases due to its potential anti-inflammatory, 

anti-complement, and even direct antiviral effects, the persistently high rate of 

thromboembolic disease and the risk of hemorrhage associated with routine heparin 

use implies an urgent unmet need for alternative agents (14,151,152). This has led to 

significant enthusiasm for mobilizing clinical trials targeting either contact or TF 

pathway, balancing efficacy with safety. With regards to developing novel 

anticoagulants for treating thrombosis, this demands that these strategies ensure 

hemostatic safety, i.e. no abnormal bleeding. While the most clinically relevant 

conclusions regarding the safety of anticoagulants will ultimately be learned through 

clinical trials, in vitro models hold potential usefulness in revealing early safety and 

efficacy signals to guide future anticoagulant development of agents to prevent 

thrombosis in patients with infectious diseases without compromising hemostasis. 

The key mechanisms that drive intravascular thrombus formation in diseased vascular 

beds were elucidated in part due to the creation and use of in silico, in vitro, ex vivo 

and in vivo models of thrombus formation under shear flow (6,81,153). Building 

upon this knowledge, a number of antithrombotic agents targeting either platelets or 

the coagulation cascade have been brought to market for use in the prevention or 

treatment of cardiovascular diseases including heart attack and stroke. Yet, despite 

advances in identifying targets to improve the efficacy of antithrombotic therapy, in 

vitro models to predict clinical bleeding are limited. This is particularly relevant in 

COVID-19, as new antithrombotic agents including inhibitors of platelet function, 

FX, or the contact activation system will likely have to be used in combination with 
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heparin as a standard-of-care therapy (154). An understanding of any potentially 

deleterious effects of such drug combinations on hemostasis will have to await the 

results of ongoing or proposed early phase clinical trials. This is due in part to the fact 

that the physical biology and rheology underlying hemostatic plug formation are ill-

defined relative to our understanding of thrombosis (18).  

The events that support hemostasis (extravascular) versus thrombosis (intravascular) 

are distinct in part due to the rheology of blood flow that differentially distributes 

blood constituents inside and outside blood vessels. Several elegant microfluidic 

models of the hemostatic response to a mechanical injury of the microvasculature 

have recently been developed (155,156). Here we extend these models based on the 

percolation theory of fluid dynamics to developed a model of blood transport into the 

tissue space at sites of compromised endothelial cell barrier function, such as in 

inflamed tissue beds and other forms of microangiopathy (74). To achieve this, we 

present the design of a microfluidic device with two orthogonal channels: a main 

channel that serves as a model blood vessel, and a bleeding channel to model 

hemostatic plug formation. We propose this model could be utilized to identify 

potential anticoagulant and antithrombotic targets and test agents to mitigate the 

thrombotic complications associated with COVID-19 whilst preserving hemostasis. 

5.4 Materials and Methods 

5.4.1 Design and fabrication of microfluidic pillar device 

The design consists of two orthogonal channels: a main channel of width 150 µm, 

length 10 mm and a side channel of width 100 µm, length 3 mm as shown in    
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Figure 5.1A. We designed 3 circular pillars of diameter 20 µm, placed 10 µm apart at 

the intersection of two channels. All features have a uniform height of 50 µm. One 

side of the main channel serves as the inlet for blood, referred to as the inlet channel 

and the side channel with the pillars is termed the bleeding channel as indicated in  

Figure 5.1A. Only the bleeding channel is functionalized with fibrillar collagen to 

represent the subendothelial ECM. This method can be modified to include coating 

the bleeding channel with tissue factor alone or in combination with extracellular 

matrix proteins including collagen, nidogen, or laminin (157,158). The gaps in the 

pillars represent compromised endothelial barrier function as a result of inflammation 

or vascular injury. The physical parameters of the pillars including number, radius, 

and spacing could be modified to study the effects of the physical biology of barrier 

function on the kinetics of hemostatic plug formation. 

 

 

 

 



87 

 

Figure 5.1 Design and development of a polydimethylsiloxane based microfluidic 

bleed chip. (A) The bleed chip consists of an inlet channel of width 150 μm, length 10 

mm and a side channel of width 100 μm, length 3 mm referred to as the bleeding channel. 

At the intersection of channels, there are 3 pillars of 20 μm diameter with a 10 μm gap 

between them. Red arrows depict the direction of blood flow in the device (Figure not to 

scale). (B) Differential interference contrast (DIC) 10× image of the device where the 

bleeding channel is coated with fibrillar collagen (100 μg mL-1). The arrow indicates 

the liquid-air interface during coating of the bleeding channel. Scale: 50 μm.  

 

 

The design for the bleeding chip was drawn in AutoCAD and was printed on 

photomask (CAD/Art Services Inc., Oregon, USA). Standard soft-lithography 

techniques were used for making the bleed chip (159,160). The master mold was a 

single layer design, fabricated using a negative photoresist SU-8 2050 (Kayaku 

Advanced Materials, USA) with feature height of 50 µm. Microfluidic devices were 

made by mixing polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, USA) 

monomer and the curing agent in a 10:1 ratio followed by degassing of the solution, 

pouring it over the master mold and curing it at 70℃ for 2 hrs. After curing, the 

PDMS replicas were cut and peeled from the SU-8 mold. Fluid inlets and outlets 

were punched using a 1 mm biopsy punch (Miltex, Japan). The PDMS replicas were 

bonded to a cover glass (Thermo Scientific, USA) of thickness 170 µm, after plasma 
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treating (Harrick Plasma, Ithaca, New York) the surfaces for    90 s. This assembly 

was baked at 700C for 4 mins to strengthen the bonding.  

To coat the bleeding channel with fibrillar collagen (100 μg ml-1, Chronolog), a 

collagen droplet of 2 μL volume was introduced by pipette into the bleeding channel; 

the leading edge of the droplet meniscus was advanced until the collagen solution 

reached the pillars as observed with a 10× microscope objective. Capillary forces 

were sufficient to restrict the collagen solution from entering the orthogonal vessel 

channel, thus allowing selective coating of the bleeding channel and pillars with 

collagen as shown in Figure 5.1B. After an hour of incubation at room temperature, 

both channels were washed with phosphate buffer saline (PBS) and blocked with 5 

mg/mL denatured bovine serum albumin (BSA) for 1 hr followed by washing with 

PBS. Relevant controls would include coating the bleeding channel with BSA. 

5.4.2 Experimental setup 

Human venous blood was collected from healthy adult volunteers into a syringe filled 

with 3.8% sodium citrate (1/10th blood volume) in accordance with the Oregon 

Health & Science University Institutional Review Board. Citrated blood was 

recalcified with the addition of (1:9 recalcification buffer:blood) recalcification buffer 

(75 mmolL-1 CaCl2 and 37.5 mmolL-1 MgCl2), to allow for coagulation. This method 

could be modified for use with reconstituted blood (purified red blood cells, platelets, 

and plasma) to allow for parameters such as platelet count to be adjusted. Recalcified 

blood was loaded into a 1 mL syringe and assembled onto a Harvard 2000 syringe 

pump as shown in Figure 5.2. The syringe was connected to the device inlet with a 
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0.5 mm polyethylene tubing (Braintree scientific, USA) and the blood was perfused 

at a constant flow rate of 10 μL min-1, which corresponds to an arterial shear rate of 

1000 s-1 in the inlet channel. The outlet of the bleeding channel was connected with 

polyethylene tubing (20 cm length) graduated every 0.5 cm to record the velocity of 

blood flow in the bleeding channel. The main channel outlet was also connected to 

PE tubing of similar length for waste collection. Platelet adhesion, aggregation and 

thrombus formation in the device near the pillars during blood perfusion was 

recorded using Kohler illuminated Nomarski differential interference contrast (DIC) 

optics with a Zeiss 10× lens on a Zeiss Axio Imager M2 microscope (Carl Zeiss 

MicroImaging GmbH, Germany). Graduations in the polyethylene tubing connected 

to the bleeding channel enabled manual monitoring and recording of blood velocity 

and volume in the bleeding channel. 
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Figure 5.2 Experimental setup for the use of bleed chip with the blood sample.        

Device inlet is connected to a syringe pump with a syringe filled with recalcified whole 

human blood. The bleeding channel is connected to a 0.5 mm polyethylene tube with 

graduations every 0.5 cm to record the blood flow rate through the bleeding channel. An 

equal length of polyethylene tubing is connected to the second outlet leading to waste 

collection. Real time dynamics of blood flow inside the bleed chip is captured with the 

10× objective of a DIC Zeiss Axio Imager 2 microscope. Arrows denote the direction of 

blood flow. 

 

 

5.5 Results and discussion 

5.5.1 Modeling blood flow in the microfluidic pillar device  

We performed computational fluid dynamic simulations using a 2D model of the 

bleeding chip created in COMSOL to predict the hemodynamics at and near the 

interface created by the pillars. Our model included the constant flow rate of 10 μL 

min-1 at the inlet, a constant atmospheric pressure at the main channel outlet and a 

constant flow rate of 2 μL min-1 at the bleeding channel outlet. Blood was modeled as 

a non-Newtonian fluid using power-law of viscosity as described in the literature 
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(161). Our initial model was based on the average physical parameters of density and 

viscosity of human whole blood and did not consider changes in these parameters due 

to the addition of anticoagulants, recalcification buffer, or differences in donor 

hematocrit. Based on the inlet flow rate, we estimated a Reynold’s number (Re) ≈ 0.5 

for flow in the device resulting in an assumption of creeping flow inside the device. 

Microfluidic devices enable the use of low blood volume to simulate physiological 

shear rates observed in arteries and veins, however due to the inherent small 

dimensions the Re produced in these devices are < 1 compared to the Re observed in 

arteries and veins that are in range of 1-4000 (162). Although the low Re flow in the 

model may not capture the physiology of blood flow, this is a limitation associated 

with the field of microfluidics in general and there remains a need for scaling 

approaches that better relate the rheology observed in microfluidic models to the 

biophysical parameters of veins, capillaries and arteries. The Navier-Stokes equation 

for creeping flow was solved using COMSOL under steady state conditions to create 

velocity and shear rate profiles as shown in Figure 5.3A and B. Velocity profiles 

derived from the microfluidic device indicated a series of stagnation points along the 

pillar surface and the corners at the channel intersection Figure 5.3A. Platelet 

aggregation at stagnation points has been shown to initiate a core and shell thrombus 

wherein the core consists of procoagulant platelets which facilitates localized 

thrombin generation whereas the shell is comprised of weakly activated platelets 

which acts as a rheological shield (66,163). For our bleeding chip model, the shear 

rate profile shows a change in shear rate from 1000 s-1 in the inlet channel to 9000 s-1 

in the spaces between the pillars of the bleeding channel, thus introducing a shear 

gradient. This region of increasing shear rate was followed by decreasing shear rates 

in the bleeding channel downstream of the pillars as shown in Figure 5.3B. Rapid 
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transition of shear rate over short distances has been shown to promote platelet 

activation and aggregation due to platelet GPIb-von Willebrand factor (vWF) 

interaction (80). The Péclet number (Pe) >> 1 for the transport of zymogens from 

bulk flow to the pillar surface at steady state conditions implies a significant 

dependence on advection as the primary transport mechanism (72,78). 

 

Figure 5.3 Estimation of shear rate and velocity in the bleed chip using numerical 

modeling. Computational fluid dynamics model of the bleed chip was solved using 

COMSOL to generate (A) surface plots of velocity and (B) shear rate in the bleed chip at 

initial steady state conditions. (A) Surface plot of velocity in the bleed chip at steady state 

conditions. White arrows indicate the direction of flow in the device. Blood is modeled as 

a non-Newtonian power law fluid and the Navier-Stokes equation is solved using 

COMSOL to compute the velocity and shear rate in the bleed chip at steady state 

conditions. (B) Wall shear rate increases from 1000 s-1 in the main channel to 9000 s-1 on 

pillar surfaces and then decreases to 1000 s-1 distal to the pillars in the bleeding channel. 

 

5.5.2 Hemostatic plug formation in the microfluidic pillar device 

We experimentally observed the initiation and propagation of hemostatic plug 

formation at the sites predicted by our computational model as “locations of shear 

gradients”. The dynamics of hemostatic plug formation were imaged by DIC 

microscopy. Figure 5.4A shows the progression of platelet aggregation and 
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coagulation around the pillars at the entrance of bleeding channel at 0 min, 5 min, and 

10 min perfusion times. Hemostatic plug formation was observed to initiate at and 

around the pillars as indicated by the dotted circle in Figure 5.4A. The growth of the 

hemostatic plug continued in the direction of flow inside the bleeding channel over 

the next 5 min. By 10 min a patent hemostatic plug was formed and blood flow 

ceased. In contrast, in the absence of coagulation using sodium citrate-anticoagulated 

whole blood, hemostatic plug formation was incapable of stopping blood flow in the 

bleeding channel. At present the time to occlusion is a laboratory-based experimental 

parameter, akin to a clotting time in an APTT assay; future studies are required to 

relate this parameter to the kinetics of hemostatic plug formation at sites of vascular 

injury or compromised barrier function and relevant scaling of the model to vascular 

beds, veins and arteries.  

The velocity of blood in the bleeding channel was recorded by quantifying the rate of 

blood flow within a graduated polyethylene tubing connected to the distal end of 

bleeding channel. We report the scaled velocity (𝑢)̅̅ ̅ =  
𝑢𝑖

𝑢0
 in Figure 5.4B where 𝑢𝑖 is 

the velocity of blood measured at a given time point and 𝑢0 is the initial velocity of 

blood measured in the tubing connected to the bleeding channel. Our pilot data show 

a reduction in blood flow velocity as a function of time. Of note, we observed 

fluctuations in scaled velocity due to ‘rebleeding’ wherein a portion of the hemostatic 

plug would become unstable and erode in a similar manner as has been observed in 

animal models of hemostatic plug formation (164,165). Our current technique to 

measure velocity of blood in the bleeding channel is limited to the granularity of 

measuring discrete time intervals associated with 1.3 µL gradations in blood volume; 

continuous monitoring of the blood volume and velocity with techniques including 
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gravimetric or doppler measurements of volumetric flow rate would improve the 

precision of this platform, albeit at an increased cost of design. 

 

Figure 5.4 Dynamics of blood flow and hemostatic plug formation in the bleed chip. 

Human whole blood, with or without recalcification, was perfused through the bleed chip 

at a constant flow rate of 10 μL min-1 using syringe pump. The dynamics of hemostatic 

plug formation in the pillar region was recorded through 10× DIC microscope and the 

velocity of blood in the bleeding channel was recorded through a graduated tubing 

connected to the bleeding channel outlet and transformed into scaled velocity. (A) 10× 

DIC images of the pillar region of the bleed chip at 0, 5 and 10 mins after perfusion of 

recalcified whole human blood at a constant inlet flow rate of 10 μl min-1. Red arrow 

depicts the direction of blood flow in the device and the white ellipse with broken lines 

indicates the pillar region. Scale: 100 μm. (B) Scaled velocity of blood (𝑢̅) as a function 

of volume of blood in the bleeding channel. Scaled velocity (𝑢̅ = 
𝑢𝑖

𝑢0
) is the ratio of blood 

velocity at a given time point (𝑢𝑖) to the initial blood velocity (𝑢0) measured in the 

bleeding channel. Dashed line indicates a scaled velocity (𝑢̅) of 1.0. Errors are ± standard 

error of means (SEM) for four trials. 

 

Microthrombi can cause death in infectious diseases such as COVID-19, sometimes 

despite the administration of low molecular weight heparin (LMWH) (166-168). This 
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warrants the need for novel safe and effective antithrombotic strategies to combat 

thrombosis in patients with infectious diseases, as well as our lack of understanding 

of the pathology of thrombosis during infection. Novel anticoagulant strategies such 

as inhibitors of the contact activation system (CAS) of coagulation and stimulators of 

the protein C pathway will likely see introduction into clinical trials in combination 

with heparin products (154). As LMWH is known to compromise hemostasis, 

combinations of novel anticoagulants with LMWH will require careful study to 

ensure no compounding effects on hemostasis. The development of in vitro or ex vivo 

models of hemostasis may be useful in predicting the potential for adverse major 

bleeding events for the use of novel anticoagulants as monotherapy or in combination 

with LMWH prior to evaluation in clinical trials. Herein, we describe the 

development of a simple microfluidic-based assay to model hemostasis. We aim to 

use this model for evaluation and dose selection of CAS inhibitors for use in clinical 

trials to evaluate their safety and efficacy in mitigating thrombosis associated with 

infectious diseases. 
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6.1 Abstract 

Vascular geometry is a major determinant of the hemodynamics that promote or 

prevent unnecessary vessel occlusion from thrombus formation. Bifurcations in the 

vascular geometry are repeating structures that introduce flow separation between 

parent and daughter vessels. We modelled the blood flow and shear rate in a 

bifurcation during thrombus formation and show that blood vessel bifurcation ratios 

determine the maximum shear rate on the surface of a growing thrombus. We built an 

analytical model that may aid in predicting microvascular bifurcation ratios that are 

prone to occlusive thrombus formation. We also observed that bifurcation ratios that 

adhere to Murray’s law of bifurcation may be protected from occlusive thrombus 

formation. These results may be useful in the rational design of diagnostic 

microfluidic devices and microfluidic blood oxygenators. 
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6.2 Introduction 

Studies in Chapters 3, 4 and 5 focused on the role of biochemical reactions, platelets 

and flow in hemostasis. Studies in Chapter 6 focus on thrombosis, in particular the 

effect of microvascular geometry on determining the potential for a thrombus to grow 

and completely block the vessel. A first principles-based analytical mathematical 

model was developed to correlate the microvascular bifurcations to the shear rates 

inside the vessel. This model was used to analyze the effect of the diameter-ratios of 

the vessels in a bifurcation on the dynamics of shear rate during thrombus growth. 

The model developed in this study could be useful for the design and analysis of 

microfluidic networks for research and the clinic.  

6.3 Background 

Blood vessel injury provokes the process of hemostasis which stops the extravasation 

of blood into the extravascular space. Hemostasis involves the aggregation of 

platelets under flow in conjunction with fibrin formation following activation of the 

coagulation cascade. The growth of this aggregate of platelets bound together by 

fibrin – a thrombus – is ideally stymied as the injury is sealed. However, in 

pathologic situations normal clot formation can go unchecked, leading to progressive 

thrombus growth and ultimately blood vessel occlusion and damage. Clinically this 

process – thrombosis – can incur substantial patient morbidity, medical resources and 

costs (2). Examples of pathologic thrombosis include coronary artery thrombosis, 

venous thromboembolic disease (VTE), including deep vein thrombosis, and 

pulmonary embolism.  
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Thrombosis in larger arteries and veins leads to significant clinical symptoms 

including mortality and morbidity. Angiography and duplex imaging can be used to 

identify large vessel thrombosis; however currently available imaging techniques lack 

requisite sensitivity to evaluate smaller vessels such as arterioles and venules, despite 

the fact that altered blood flow and thrombi in the microvasculature is associated with 

cardiovascular disease (75).   

Clinical decision making when it comes to anticoagulation is often dichotomous; for 

example, duration of anticoagulation for VTE is primarily dependent on whether the 

event was provoked by a transient risk factor or not, with “unprovoked” VTE 

carrying a high risk of recurrent thrombosis and typically mandating lifelong 

anticoagulation (169). Arterial thrombosis can be treated with antiplatelet agents or 

anticoagulants depending on the thrombus location and etiology (170). While select 

therapies may improve outcomes in a subset of patients with thrombosis, there 

remains an unmet need to better stratify patients who will benefit from the available 

therapies, balancing safety with efficacy. More granular risk stratification could 

conceivably be aided by mathematical models that could predict occlusion in 

microvessels and imaging to visualize microvascular thrombi (171). Vessel geometry 

and local hemodynamics are factors that contribute to initiation of thrombus 

formation leading to vessel occlusion. Bifurcations present a complex hemodynamic 

environment with unique properties that may specifically predispose these regions to 

thrombosis (172). Results from microfluidic studies that involve multiple bifurcations 

demonstrate the importance of geometry in the kinetics of thrombus formation (161). 

Clinically, large vessel bifurcations are common sites of arterial plaques and 
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thrombosis, predisposing patients to stroke in the case of carotid artery bifurcation 

(173).  

Hemostasis is initiated by platelets, and platelet transport is itself dependent on 

hematocrit, shear rate and geometry. Mathematical models that describe the thrombus 

growth rate predict the transport of platelets to the site of injury and the activation of 

platelets (1). Platelets act as catalysts for the recruitment and activation of 

coagulation factors and additional platelets, both of which sustain thrombus growth 

and restrict it to the site of injury. Convective transport of platelets to the site of 

thrombus formation and reactions of select coagulation factors define the growth rate 

of the thrombus. The thrombus structure and the growth rate is a dynamical process 

which varies due to constant changes in hemodynamics within and around the 

forming thrombus.   

Recent observations have established the ‘core and shell’ structure theory of 

thrombus formation (66,163,174,175). The core of the thrombus contains fully 

activated platelets bound together by fibrin, while the shell contains weakly activated 

platelets that are subject to increased shear forces due to blood flow. Platelets 

upstream of the thrombus adhere to the shell, while the weakly bound platelets on the 

downstream surface of the thrombus leave the shell due to shear forces. Biophysical 

studies based on insights from the ‘core and shell’ structure describe thrombus 

growth under flow based on local shear rates (176,177). Experimental studies and 

mathematical models suggest that the platelet aggregation rate under flow is non-

linearly dependent on shear rate (178).  
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Belyaev et al. built on the previous theories of thrombus growth rate and proposed a 

critical shear rate (𝛾̇𝑐𝑟) of 3400 s-1 at which the rate of platelet attachment to the shell 

equals the detachment rate of platelets from the shell due to flow (176). As the shear 

rate on the thrombus surface reaches the critical shear rate the growth rate becomes 

zero. The theory of critical shear rate is built on the flow dependence of platelet 

aggregation on the thrombus shell. Recent studies have shown the importance of 

vascular geometry and boundary conditions in thrombus formation and evolution of 

shear rate (79,179).  

Blood vessels narrow and bifurcate into smaller vessels to perfuse tissues as 

capillaries. Murray theorized the optimum branching of blood vessels based on a 

minimum work principle and showed that the sum of the cubes of daughter vessel 

diameters should equal the cube of the parent vessel diameter (180); this has been 

supported by in vivo evidence (181-183). Zamir stated that a vessel bifurcates in a 

way that minimizes the total drag on the parent and daughter vessels in the 

bifurcation (184). While these theories have provided insights into the selection 

principles behind bifurcations in the vasculature from a hemodynamics perspective, 

in this report we analyzed bifurcation ratios in terms of thrombus growth and vessel 

occlusion. 

6.4 Materials and methods 

6.4.1 Modeling the circulatory system as a hydraulic circuit  

A vascular bifurcation is composed of a parent vessel and two daughter vessels that 

diverge from the parent vessel. Diameters of the vessels are given by D, D1 and D2 
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for the parent, daughter 1 and daughter 2, respectively as shown in Figure 1. 

Bifurcation ratios are defined as ratios of daughter vessel diameters to the parent 

vessel diameter, i.e. r1 = D1/D and r2= D2/D. Given the fluid properties, shear rate in 

this geometry is a function of boundary conditions of the geometry and the hydraulic 

resistances of the branches. In this work, we assume a constant pressure boundary 

condition for a given bifurcation geometry (176).  

The heart is modeled as a pump of constant flow rate (averaged over systole and 

diastole) and the vascular network is modeled as a series of blood vessels of varying 

sizes interconnected together. The smallest vessels (diameters < 100 µm) in the 

vascular network offer the highest resistance to the network. These resistances further 

increase as a result of plaque or thrombus formation. Importantly, single 

microvasculature bifurcation of small vessels is modeled as a parallel resistance with 

the rest of the vascular network as shown in Figure 6.1, justifying our constant 

pressure boundary condition. The overall resistance offered by the remaining vascular 

network is defined as systematic vascular resistance (SVR). Figure 6.1B illustrates 

the nomenclature used in the modeling the inlet diameters of vessels (D, D1 and D2), 

thrombus length (L12), vessel lengths (L, L1 and L2) and the open diameter of the 

thrombotic region (D12). The daughter vessel with the thrombus is modeled as a series 

of three resistances – R11 (portion of the vessel upstream of thrombus), R12 

(thrombus), and R13 (portion of the vessel downstream of thrombus). Figure 6.1C 

depicts the bifurcation modeled as resistances connected to a common source – heart. 
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Figure 6.1 Modeling a microvasculature bifurcation with a thrombus as a series of 

resistances. (A) Sketch of a vessel bifurcation with a thrombus in one of the daughter 

vessels modeled in parallel with the rest of the vessels as the systemic vascular resistance 

(SVR) fed by the heart. (B) Vessel bifurcation sketch with the parameters considered in 

the model. D – Diameter of the parent vessel, D1 and D2 original diameters of the 

daughter vessels. L – length of the parent vessel, L12 – Thrombus length, D12 – Diameter 

of the vessel region available for thrombus growth, L1, L2 – Total lengths of daughter 

vessels. (C) The system of a bifurcation along with larger vessels modeled as a hydraulic 

circuit with the vessels as the resistance to the flow of blood from the source – heart.                  

R – Hydraulic resistance of the parent vessel of a bifurcation, R12 – Hydraulic resistance 

of the thrombotic region in daughter 1 as a function of time, R11 and R13 – Resistance of 

non-thrombotic regions of daughter 1. R2 – hydraulic resistance of daughter 2. Flow 

source denotes the heart. 
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6.4.2 Mathematical modeling of flow and shear rate in microvascular bifurcations 

Flow rate,𝑄, through a cylindrical vessel is given as the ratio of pressure drop (∆𝑃) to 

hydraulic resistance (RH) based on the Hagen Poiseuille relation, 

𝑄 =  
∆𝑃

𝑅𝐻

  (1) 

The hydraulic resistance, RH, is defined as a function of fluid viscosity (𝜇), length 

(Li) and diameter of the vessel (Di), where,𝑅𝐻 =  
128𝜇𝐿𝑖

𝜋𝐷𝑖
4 . In our case, ∆𝑃 is the 

pressure drop across the entire bifurcation while RH is the total hydraulic resistance of 

the bifurcation. A change in the diameter of the vessel available for blood flow due to 

the formation of an occlusive thrombus changes the overall hydraulic resistance. 

Occlusion ratio (x) is the ratio of thrombus height to the vessel diameter with 100 

multiplied by occlusion ratio defined as the percentage of occlusion. In our case, the 

difference in D1 and D12 gives the thrombus height while D1  the initial diameter of 

the vessel.   

𝑥 = (1 −
𝐷12

𝐷1
) (2) 

The hydraulic network is analogous to an electrical network. Kirchhoff’s circuit laws 

are applied to the vascular bifurcation to obtain overall resistance. Total resistance of 

the bifurcation (Rt) is the sum of the resistance due to the parent vessel (R) and the 

daughter vessels (R1 and R2). The resistances R1 and R2 are parallel to each other and 
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together they are in series with the parent vessel resistance; the total resistance is 

given by: 

𝑅𝑡 =  𝑅 +
𝑅1 ∗ 𝑅2

𝑅1 + 𝑅2

=  
128𝜇

𝜋
(𝜆 +

𝜆1 ∗ 𝜆2

𝜆1 + 𝜆2
) (3) 

𝑤ℎ𝑒𝑟𝑒 𝜆1 =
𝐿11

(𝐷 ∗ 𝑟1)4
+

𝐿12

(𝐷 ∗ 𝑟1 ∗ (1 − 𝑥))4
+

𝐿13

(𝐷 ∗ 𝑟1)4
 ,  𝜆2 =

𝐿2

(𝐷 ∗ 𝑟2)4
 

The above relation captures the hydraulic resistance of the bifurcation for any stage 

of thrombus growth, defined using occlusion percentage. The overall shear rate on the 

thrombus is estimated using the hydraulic resistance equation along with the given 

pressure drop boundary condition. 

We assume blood to be a Newtonian fluid and the flow to be in the steady state 

laminar region. As stated in the introduction of the thesis, under high shear rates 

blood behaves as a Newtonian fluid. Therefore, we expect this to be a reasonable and 

valid assumption for the high shear blood flow observed in capillaries, arterioles and 

venules that forms the focus of the current study. Wall shear rate for laminar flow is 

given by 𝛾̇ =  32𝑄/𝜋𝐷3. Solving for flow rate in the vessel with the thrombus, we 

obtain equation (4) that describes the shear rate on the surface of the thrombus (𝛾̇𝑡ℎ) 

at an occlusion ratio of ‘x’.  

𝛾̇𝑡ℎ =  
𝜆2𝛾̇

(𝑟1
3(1 − 𝑥1)3)(𝜆1 + 𝜆2)

  (4) 
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𝛾̇ =  
32∆𝑃 

𝜋𝐷3𝑅𝑡

 

Where 𝛾̇ is the wall shear rate in the parent vessel and 𝑟1 is the bifurcation ratio of the 

daughter vessel with the thrombus. The derivation for 𝛾̇𝑡ℎ is detailed in Appendix A. 

In order to simplify the analysis in terms of thrombus length, we introduce the 

dimensionless parameter ′𝜙′, which is thrombus length ratio defined as the ratio of 

length of the thrombus to length of the vessel 𝜙 = 𝐿12/𝐿1. Introduction of ′𝜙′ 

transforms the parameter 𝜆1 into 𝜆1 = (𝐿1/𝑟1
4𝐷4) [(1 − 𝜙) + 𝜙/(1 − 𝑥1)4].  

Equation (4) is a valid relation to estimate shear rate for any boundary condition and 

any configuration of a bifurcation. 

6.5 Results 

Dynamics of shear rate as function of geometry change due to thrombus growth was 

simulated in COMSOL using a two-dimensional (2D) bifurcation model. The Navier-

Stokes equation was solved at every node of the finely meshed model until 

convergence (tolerance of 1e-6). Steady state simulations were performed at each 

stage of occlusion from 0 to 100% in steps of 10% increase. Constant pressure drop 

across the bifurcation was employed as the boundary condition. Figure 6.2A shows 

the surface plot of shear rate in a bifurcation with a thrombus at 70% occlusion. We 

assumed a rectangular shape for the thrombus and increased only the height of the 

thrombus to correspond with various percentages of occlusion. Studies in the 

literature suggest that the length of thrombus remains relatively constant during its 

growth especially in the microvasculature (185). We also considered blood to be a 

Newtonian fluid with a constant viscosity. Figure 6.2B shows the scaled shear rate 
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which is the ratio of maximum shear rate to the initial shear rate in the thrombus 

region plotted against the percentage of occlusion in the bifurcation. We employed a 

2D COMSOL model of the bifurcation to validate the non-linearity in shear rate on 

the thrombus surface in a bifurcation. We observed the scaled shear rate (ratio of 

instantaneous shear rate to initial shear rate on thrombus surface) increase until 60% 

occlusion and then fall to zero at 100% occlusion. This non-linearity in shear rate 

observed in our COMSOL model agrees well with the previous computational and 

experimental reports that used pressure driven flow (179).  

 

Figure 6.2 Estimation of the shear rate on thrombus surface in a microvascular 

bifurcation. 2-dimensional (2-D) finite element model of a microvascular bifurcation 

with a thrombus was setup and solved in COMSOL to estimate the shear rate on the 

thrombus in one of the daughter vessels of a bifurcation (A) 2-DSurface plot of shear rate 

in a bifurcation under a constant pressure drop (∆𝑃) of 100 Pa. The thrombus is modeled 

as a rectangular obstruction in the daughter vessel. (B) Scaled shear rate (
𝛾

𝛾0
) on the 

thrombus estimated for 0 to 100% occlusion of the daughter vessel. 

 

We next analytically examined the shear rate around a thrombus of constant length, 

without any local turbulence, for different parameters and boundary conditions. The 

shear rate was estimated using the Hagen Poiseuille relation and laminar flow shear 
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rate model. Solving equation (4) in MATLAB for different occlusion percentages 

under constant flow rate and constant pressure drop boundary conditions allows us to 

examine the effect of boundary conditions on the shear rate behavior. Figure 6.3 

compares the scaled shear rate against the occlusion percentage for constant pressure 

drop and constant flow rate conditions. Equation (4) is used to estimate the shear 

rates on the thrombus surface for constant pressure drop and constant flow rate 

boundary condition by updating the 𝛾̇ , wall shear rate in the parent vessel through 

updating the total resistance of the bifurcation with either a constant flow rate (Q) or 

a constant pressure drop (∆𝑃). We see that progression of shear rate is non-linear as 

the vessel occludes and this non-linearity agrees with the results from our COMSOL 

model. Unlike a straight channel, in a bifurcation both the boundary conditions yield 

non-linear shear rate curves. Under constant flow rate, as the occlusion percentage 

increases in one of the daughter vessels the flow gets diverted to the other daughter 

without the thrombus while the total flow into the bifurcation remains constant. 

However, the velocity around the stenotic region increases due to a decrease in 

diameter until a significant reduction in flow rate occurs. 
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Figure 6.3 Effect of boundary conditions and thrombus length ratio (ϕ) on the 

dynamics of shear rate in a bifurcation. . Equation (4) was solved with either a 

constant pressure drop or a constant flow rate across the bifurcation to estimate the shear 

rates on the surface of thrombus in the daughter vessel. (A) Shear rate dynamics for the 

thrombus growing in a daughter vessel of the bifurcation for constant pressure drop 

across the bifurcation and constant inlet flow rate to the bifurcation boundary conditions. 

Occlusion % denotes the percentage of vessel occlusion by thrombus. (B) Shear rate 

dynamics on a thrombus in a bifurcation under constant inlet flow rate for different 

thrombus length ratios (ϕ). (C) Shear rate dynamics on a thrombus in a bifurcation under 

constant pressure drop for different thrombus length ratios (ϕ). 

 

Figure 6.3B and C show the scaled shear rate profiles for different injury length 

ratios (𝜙) under constant flow rate and pressure drop boundary conditions 

respectively; a bifurcation with an inlet diameter of 38 µm with a bifurcation ratio 

of 𝑟1 = 𝑟2 = 0.5 was used in these results. With an increase in 𝜙, the maximum shear 

rate on the thrombus decreases under both constant flow rate and pressure drop 
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conditions suggesting that the degree of shear force experienced by the surface of a 

thrombus decreases with thrombus length. The shear rate behaves linearly for 𝜙 > 0.7 

under constant pressure boundary conditions while under constant flow rate the shear 

rate continues to behave in a non-linear manner even for 𝜙 = 1. 

Belyaev et al. examined the effect of thrombus length on the maximum shear rate 

during thrombus growth in a straight vessel (176). In our work we looked at the effect 

of lateral flow in an adjacent vessel on the thrombus under select configurations. 

Specifically, we studied the impact of bifurcation ratios on the maximum shear rate 

around the thrombus and identified the bifurcation ratios predicted to prevent 

occlusion.    

An estimate of maximum possible shear rate during thrombus growth is crucial to 

determine the occlusivity of the thrombus. Maximum shear rate during thrombus 

growth is a function of thrombus length ratio, bifurcation ratio and the length of the 

blood vessel. We used the MATLAB symbolic toolbox to solve equation (4) for the 

occlusion ratio (𝑥1) at which the shear rate reaches maximum  

𝑥1 = 1 − (
𝑙1𝐿𝜙r2

4 + 𝜙𝑙1𝑙2

𝑙1𝑙2(1 − 𝜙) + 𝐿𝑙1(1 − 𝜙)𝑟2
4 + 𝐿𝑙2𝑟1

4)

1
4

                            (5) 

where 𝑙1, 𝑙2 are the lengths of daughters 1 and 2, L is the parent vessel length, 𝜙 is 

thrombus length ratio and 𝑟1 , 𝑟2 are the bifurcation ratios. The occlusion ration at 

which the shear rate will reach its maximum during thrombus growth can be 

estimated using equation (5) for various bifurcation ratios 𝑟1, 𝑟2 and can be compared 

to the critical shear rate (𝛾̇𝑐𝑟) to determine the occlusivity of a thrombus.    
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6.5.1 Complete occlusion and partial occlusion in terms of bifurcation ratios 

In order to make the comparison more convenient we introduce a dimensionless 

quantity that we call ‘critical shear ratio’, defined as the ratio of maximum shear rate 

around a thrombus to the critical shear rate (𝛾̇𝑚𝑎𝑥/𝛾̇𝑐𝑟). If a thrombus has a critical 

shear ratio of more than 1, it means that the shear forces around the thrombus are 

strong enough to disrupt the platelet attachment and stop its growth. For all 

bifurcation configurations with critical shear ratio > 1, the thrombus is defined as 

non-occlusive. 

In Figure 6.4, on the ‘y’ axis is the ratio of maximum shear rate during thrombus 

growth to the critical shear rate, ‘critical shear ratio’ and on the ‘x’ axis is the 

bifurcation ratio 𝑟1. Each curve in the plot is for a 𝑟2 value as given in the legend. The 

red dotted horizontal line that separates the plot into two regions is the line at which 

𝛾̇𝑚𝑎𝑥 = 𝛾̇𝑐𝑟 or critical shear ratio = 1.We consider bifurcation ratios only in the range 

of 0.1 to 0.9 as the bifurcation ratios observed in vasculature lie in that range (181). 

The region of the curve that lies above the red dotted line denote the bifurcation ratios 

where the maximum shear rate on the thrombus surface exceeds the critical shear 

rate. The region of the curve below the red dotted horizontal line denotes the 

bifurcation ratios that do not disrupt the growth of thrombus to occlusion as the 

maximum shear rate is less than the critical shear rate. When the maximum shear rate 

is less than the critical shear rate, it means that the hydrodynamic forces are not 

strong enough to disrupt the thrombus growth leading it to complete occlusion. These 

data suggest that the biophysical properties of bifurcation ratios regulate thrombus 

growth. Specifically, for a bifurcation with a parent vessel diameter of 38 𝜇𝑚 with 𝜙 



111 

of 0.02, all combinations of bifurcation ratios of r1 and r2 that lie above the critical 

shear ratio of 1 are not predicted to produce an occlusive thrombus. Taken together, 

our data suggest that bifurcation ratios of blood vessels play a significant role in 

determining the maximum shear rate on a thrombus growing in the daughter vessels. 

Even though the initial critical shear ratio (𝛾̇𝑚𝑎𝑥/𝛾̇𝑐𝑟) is less than 0.2, it increases 

rapidly to more than 1 as the thrombus grows due to an increase in velocity in the 

thrombotic region. 

 

Figure 6.4 Sensitivity of critical shear ratio on bifurcation ratios – Phase plot. 

A phase plot of r1 and r2 values along with their corresponding critical shear ratios for a 

thrombus of length ratio (ϕ) of 0.02 and a parent vessel diameter (D) of 38 μm. 
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6.6 Discussion 

Thrombi in arterioles and venules increase the overall hydrodynamic resistance of the 

microvasculature resulting in rapid changes to the local wall shear rate. The 

magnitude of shear rate change depends on the lateral flow in the vascular network. 

Specifically, when a thrombus grows in a vessel adjacent to a much larger vessel, the 

reduction in flow rate into the thrombotic vessel may not be significant. However, in 

symmetric bifurcations, when both the daughters have nearly identical initial flow 

rates, the impact of thrombus growth in one daughter vessel on the dynamics of shear 

rate is substantial. Our results suggest that a comprehensive survey of the 

microvasculature to gather location-specific pressure drops may yield a vascular map 

with zones of probable occlusion.   

Microfluidic extracorporeal membrane oxygenators are used for patients with a need 

for pulmonary rehabilitation (186,187). Our analytical model could be used in 

designing and testing microfluidic oxygenators. We take into account the key design 

principles involved in designing microfluidic oxygenators such as flow resistance and 

shear rates in microfluidic bifurcations (188). We believe our model would also find 

application in the design of microfluidic devices that can precisely perturb 

hemodynamic parameter space to diagnose bleeding or clotting disorders.  We 

believe our model could also aid the optimization of current Organs-on-chip devices 

to generate fully occluding thrombus. These devices are currently used to optimize 

drug dosage for thrombolysis (156,189,190). 
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Our model evaluates the critical shear ratio (𝛾̇𝑚𝑎𝑥/𝛾̇𝑐𝑟) on the thrombus surface for 

select bifurcation ratios. The phase plot represents the critical shear ratio for all 

combinations of  𝑟1, 𝑟2 values in the range of 0.1 to 0.9. Among these bifurcation 

ratios only a subset of them satisfy Murray’s law. Interestingly almost all the pairs of 

bifurcation ratios that satisfy Murray’s law lay above the red-dotted line in Figure 

6.4, i.e. in the region of partial occlusion. This means that for these cases the 

thrombus growing in a bifurcation that fits the definition of Murray’s law would not 

occlude the vessel. In order to signify such events, we overlaid the bifurcation ratios 

that obey Murray’s law on top of the critical bifurcation ratios that are predicted by 

our model to determine if these bifurcation ratios are susceptible to occlusive 

thrombus formation.     

In Figure 6.5, we evaluate the bifurcation ratios predicted by our model for critical 

shear ratios of 0.8, 1.0 and 1.2 against the bifurcation ratios that obey Murray’s law. 

Bifurcation ratios that lie below the dotted line corresponding to a critical shear ratio 

of 1.0 promote complete occlusion as the shear rate in those vessels would never 

reach the critical shear rate to stop thrombus growth. The circles denote the 

bifurcation ratios that fit the Murray’s law. Only one pair of bifurcation ratio (𝑟1 =

0.65, 𝑟2 = 0.9) falls under the region of complete occlusion. In the setting of the 

constricted daughter vessels, we observed an increase in the number of bifurcation 

ratios under the region of complete occlusion. The curve consisting of ‘pluses’ in the 

plot denotes the modified bifurcation ratios with 30% occlusion, and shows a larger 

portion of bifurcation ratios under the complete occlusion region. 
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Figure 6.5 Effect of microvascular plaque on occlusive thrombus formation. r1 and r2 

values predicted from Murray’s law for bifurcations with no plaque and 30% plaque with 

the r1 and r2 values for critical shear ratios of 0.8, 1.0 and 1.2 on a thrombus of length 

ratio (ϕ) 0.02 in a bifurcation with a parent vessel diameter (D) of 38 μm. 

 

Limitations of this model include the specificity of the results in terms of bifurcation 

ratios. Our model solves for dependence of maximum shear rate on bifurcation ratios 

by holding the other variables such as thrombus length ratio, parent vessel diameter 

and the length of the vessels as fixed parameters. We show that maximum shear rate 

on the thrombus depends on its length; however, the phase plots are for a fixed 

thrombus length ratio (0.02). The quantitative nature of the phase plot would likely 

change for different values of these parameters while the qualitative nature of results 

would remain unchanged. Change in injury length would alter the maximum shear 
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rate on the thrombus surface and in addition change the non-linearity of shear rate 

dynamics to linearly decrease when the thrombus is longer than the critical length 

(176). However, in case of a constant flow rate boundary condition, non-linearity of 

shear rate remains unchanged even for a thrombus as long as the vessel. The diameter 

of the vessels contributes to the vascular resistance to the power of 4, while the length 

of the vessels contributes to the vascular resistance to the power of 1; thus, the 

sensitivity of the model to vessel length is much lower as compared to the vessel 

diameter. However, the extent of bifurcation ratios under the complete occlusion 

region would change as it should for different thrombus length ratios. Longer 

thrombus lengths mean higher resistance to flow and as a result would result in 

decreased maximum shear rates on the thrombus surface for both constant flow rate 

and constant pressure drop boundary conditions in a bifurcation. Our model also does 

not consider the curvature of blood vessels, which could affect the local shear rate 

magnitude. The role of bifurcation geometry is more prominent when we assume 

blood as a discrete phase flow and this is outside the scope of our current work as 

modelling blood as a discrete phase fluid will need a multiscale simulation and an 

analytical model may not be possible. The results proposed in the current work are at 

steady state downstream to the bifurcation and these results are still valid considering 

a continuum fluid assumption (156,179,191). We also do not consider the effect of 

bifurcation angle on the flow dynamics as the impact of bifurcation angle on the wall 

shear stress downstream would likely be negligible in the case of fully developed 

steady state flow considered in our model. The COMSOL model has a bifurcation 

angle of 450 and the analytical model considers bifurcations as resistances to flow 

which would not be affected by the change in bifurcation angle. Bifurcation angle 

may have a significant impact on shear stress on thrombus if cells are recruited at the 
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site of bifurcation. This is not the case in our present model as we assume the clot to 

form in one of the daughter vessels, downstream of the site of bifurcation.  The 

extension of our model to accommodate larger vessels would require considerations 

of pulsatile flow and a hybrid boundary condition that would reflect the biophysics of 

blood flow during thrombus growth. In larger bifurcations such as carotid arteries the 

presence of recirculation zones would challenge the laminar flow conditions in our 

current model. 
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 Conclusions and Future Directions 

7.1 Conclusions 

The studies outlined in this dissertation have investigated the role of coagulation 

biochemistry, platelet biology, blood rheology and vascular geometry in hemostasis 

and thrombosis. The ultimate goal of the research presented in this dissertation is to 

improve our understanding of hemostasis and thrombosis so that the anticoagulation 

strategies and drugs implemented in a clinical setting will effectively mitigate 

thrombosis in diseases while preserving the hemostatic safety. In this chapter, I will 

summarize the major findings and conclusions drawn from these studies and describe 

future work to interrogate the interplay between coagulation, platelets and flow. 

In Chapter 3, we developed a systems biology model of thrombin generation starting 

with the HM model as the basis. As these experiments indicated, a threshold effect of 

FXI on thrombin generation and the fact that the HM model did not include FXI 

prompted the need to expand the utility of the HM model with the inclusion of FXI. 

Using the experimental thrombin generation data obtained from PPP, we improved 

the HM model before expansion to include FXI. The ext.HM model along with the 

experimental measurements of TF-mediated thrombin generation were utilized to 

identify that the threshold effect of FXI on thrombin generation was absolutely 

dependent on the inhibitory role of TFPI under low concentrations of TF. The study 

highlights the role of feedback and inhibitory mechanisms relevant to hemostasis. In 

addition, the use of the model in combination with in vitro experimental data 

experiments could be a clinical tool to evaluate coagulation disorders. It is 
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noteworthy that the field is developing FXI antibodies and small molecule inhibitors 

to safely mitigate thrombosis without affecting hemostasis.  

Experimental studies conducted in Chapter 4, investigated the capacity of the dumb-

bell shaped ECM protein nidogen-1 to activate platelets and support platelet 

adhesion. Functional studies revealed that nidogen-1 activates platelets possibly 

through the transmembrane receptor GPVI and integrin β1. Furthermore, the 

experiments conducted with apyrase suggested that nidogen-1 is a weak agonist of 

platelet GPVI that requires feedback activation by ADP secreted by platelets. Based 

on the results of this study and due to the structural similarity between nidogen-1 and 

nidogen-2, we can hypothesize that nidogen-2 will have a similar capacity to activate 

platelets. This study highlights the multifunctional roles of the dynamic ECM 

microenvironment that go beyond providing structural stability to the matrix.  

Studies in Chapter 5 described the development of a microfluidic flow chamber that 

allows for the evaluation of platelets and coagulation simultaneously under 

physiologically relevant flow conditions in human whole blood. The ‘T’ shaped 

microfluidic device developed in this dissertation is the simplest way of 

recapitulating an injury-sealing process in a microvessel. Moreover, by modifying the 

space between the microfluidic pillars one can investigate the interplay between 

coagulation and vascular permeability. One of the limitations of the current system is 

the constant inlet blood flow rate used to operate the device which could be modified 

to a constant pressure-based inlet flow to reflect physiology in future experiments.    
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Chapter 6 focused on developing an analytical mathematical model that correlates the 

microvascular bifurcations to thrombus growth through the estimation of shear rate 

dynamics during thrombus development. Using the model, we analyzed the effect of 

constant pressure and constant flow boundary conditions on thrombus formation 

inside the microvessels. A thrombus growing in one of the vessels of the bifurcations 

experiences a non-linear shear rate that increases with the growth of the thrombus due 

to increase in velocity in the thrombotic region before falling to zero due to lack of 

flow at 100% occlusion. Furthermore, the model can be used to design microfluidic 

networks that are protected from occlusive thrombus formation by optimizing the 

shear rate in the channels. Our model holds potential to be a valuable tool in 

analyzing the principles of selection in the physiological design of microvascular 

networks. 

7.2 Future directions 

Mathematical modeling of biological networks such as the coagulation system has 

important implications in the quest for both understanding and predicting biological 

systems. A biological system such as coagulation can be defined as a network of 

proteins as the ‘nodes’ with their relationship to each other as the ‘edges’. While 

molecular biology enables the discovery of new ‘nodes’ and ‘edges’, systems biology 

can use this knowledge to derive an understanding of these complex biological 

networks as well as predicting experimental outcomes. The validation of the ext.HM 

model presented in this dissertation falls into the category of using a model to 

understand the correlations between existing edges rather than the prediction of new 

edges (mechanisms). Thus, the work presented in this dissertation is an example of 
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how mathematical models can be useful even when they are not predicting new 

mechanisms. 

The current mathematical models of thrombin generation rely on experimental 

systems that measure only the concentration of thrombin over time as the output. 

While the development of fluorogenic substrate-based thrombin generation assays 

have greatly advanced our knowledge of coagulation, further research into 

developing more sophisticated assays are essential to the next big leap. As described 

in Chapter 1 and Chapter 3, multiple enzymes are generated and inhibited during the 

generation of thrombin in coagulation. Fluorogenic assays that can record the 

concentration of other enzymes such as FXa, FIXa and/or FXIa during thrombin 

generation can provide more boundary conditions to improve the accuracy of the 

kinetic parameters estimated using the mathematical model. A fluorogenic substrate-

based FXa generation assay being developed by Harris et al. shows promise in this 

regard (192).   

7.2.1 Analyze the role of TFPI in modifying the contribution of FXI to TF-mediated 

fibrin generation under flow 

Results from the computational model and thrombin generation experiments in 

Chapter 3 suggest that the role of FXI in coagulation driven by low concentrations of 

TF may be eliminated by blocking the inhibitory role of TFPI. Based on this, I 

hypothesize that the contribution of FXI to TF-mediated fibrin generation and 

thrombus formation under physiologically relevant flow conditions (arterial and 

venous) would also be dependent on the inhibitory role of TFPI. I will test my 
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hypothesis using microfluidic flow chambers as shown in Figure 7.1. Experiments 

will be conducted using FXI-depleted platelet poor plasma (PPP) with or without 30 

nM FXI. In select experiments, TFPI function will be blocked using antibodies 

against its K-1 and K-2 domains. The flow chamber will be coated with TF 

concentrations in the range of 0.1-1 pM and blocked with BSA. All plasmas will be 

incubated with CTI to block FXIIa-mediated activation of FXI. Fluorescently tagged 

fibrinogen will be added to the plasma prior to the experiment and fibrin formation in 

the flow chamber will be recorded in real-time by measuring the fluorescence 

intensity of fibrin(ogen) deposited in the chamber. Experiments will be performed 

under shear rates of 300 s-1 and 1000 s-1 to determine the role of venous and arterial 

conditions on fibrin generation.  

 

Figure 7.1 Schematic of flow chamber setup to assess fibrin generation under flow. 

Figure was created using Biorender.com ©Hari hara sudhan Lakshmanan.  
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7.2.2 Sensitivity analysis of the kinetic parameters of the ext. HM model 

The ext. HM model contains 51 kinetic constants that describe the network of 

thrombin generation (Table 3.2). Estimating the parameters of a systems biology 

model is a necessary challenge as the rate constants derived from experiments 

typically vary between laboratories. The variations can be attributed to the protein 

source – recombinant vs plasma derived proteins, buffers, stability of species and the 

concentration of phospholipids. For example, the kinetic constants for FXa inhibition 

by anti-thrombin (ATIII) reported in the literature vary over a 3-fold range (193). 

Thus, future work will involve analyzing the effect of uncertainties in parameters on 

the thrombin generation outputs, ETP, lag time, peak thrombin and peak time. This 

can be achieved through local and global sensitivity analysis of kinetic constants of 

the ext.HM model.  

Local sensitivity analysis of the model will be performed using one-at-a-time method, 

where the change in thrombin generation for a change in the value of each kinetic 

constant will be recorded without altering other kinetic constants. For example, if Y 

is a function of X1, X2 and X3 then the sensitivity of Y to X1 would be,  

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑌 𝑡𝑜 𝑋1 =  
𝜕𝑌

𝜕𝑋1
|

𝑋2,𝑋3=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

 

I propose to analyze the sensitivity of thrombin generation to the kinetic parameters 

at a high (1 pM) and low (0.1 pM) initial concentration of TF to possibly identify 

more mechanisms like the feedback activation of FXI by thrombin which may exhibit 

a threshold behavior based on the initial TF concentrations. Results from the local 
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sensitivity analysis can aid in the identification of parameters that require the most 

precise measurement and guide experimental design for the same.  

Global sensitivity analysis (GSA) involves varying multiple parameters 

simultaneously within a 10-fold range to determine the presence of interactions 

between different parameters and the effect of those interactions on thrombin 

generation (194). GSA is essential for non-linear models such as the coagulation 

network as the kinetic parameters will not only affect the system individually but also 

through the interactions between them. I will use sobol method to perform global 

sensitivity analysis for a high (1 pM) and low (0.1 pM) initial concentration of TF as 

previous analyses have been restricted to a relatively higher concentration of TF 

(108,193). Two different sobol indices are estimated for each parameter, the first-

order index and the total-order index (195). The first-order index for a parameter, say 

k1, tells you the ratio of the variance in output due to k1 to the total variance in 

output, in other words the contribution of k1 just by itself to the overall variance of 

the model output. Total-order index for k1 will be the sum of contribution of k1 by 

itself and the contribution of k1 due to its interaction with other parameters to the 

variance of the model output. Let’s say there are three parameters, k1, k2 and k3, then 

the total-order index for k1 will be the sum of, variance due to k1 alone, variance due 

to interaction between k1and k2, variance due to interaction between k1 and k3 and 

the variance due to interaction between k1, k2 and k3. An example plot of first and 

total-order sobol indices for a model with six parameters, k1 to k6, is shown in 

Figure 7.2. 
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Figure 7.2 Example sobol indices plot for a six-parameter system. 

 

Interpreting the plot shown in Figure 7.2, we can see that parameters k3 and k5 are 

the most critical parameters of the model. Among the two, k3 interacts strongly with 

other parameters as evidenced by the total-order index of 0.8. Next to k3, parameter 

k5 has stronger effects on model output due to its interaction with other parameters 

than by itself. Thus, the sobol indices can help gain deeper insights into the 

parameters of the model and also aid in the design of in vitro experiments to estimate 

parameters with more accuracy.  

7.2.3 Role of polyphosphates in thrombin generation 

Chapter 3 focused on evaluating the role of feedback activation of FXI by thrombin 

in TF-mediated thrombin generation. One of the reasons it was somewhat 

controversial that FXI activation by thrombin occurs in plasma was because it is 

rather slow by itself in solution. However, the presence of cofactors such as inorganic 
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polyphosphates can accelerate this mechanism to potentially increasing the 

contribution of FXI towards thrombin generation. Inorganic polyphosphates are 

found to accumulate in microorganisms and are also secreted by activated platelets. 

My preliminary data indicate that the model can be used in combination with the 

experiments to gain a mechanistic understanding of the role of polyphosphates in 

coagulation.     

The ext. HM model was simulated with an initial concentration of 30 nM FXI and 

0.125 pM TF while keeping the concentrations of other plasma enzymes in their 

normal values as described in Table 3.1. In select simulations, the kinetic constants 

of FXI and FV activation by thrombin were increased to simulate the effect of PolyP 

on these reactions. Thrombin generation curves from the simulations of the ext.HM 

model are shown in Figure 7.3A. A two-fold increase in the kinetic constant of FXI 

activation by thrombin increased only the peak thrombin concentration (grey dashed 

line) compared to the control (black dashed line). Control refers to the original kinetic 

constants of the ext. HM model. Even a 10-fold increase in the rate of FXI activation 

by thrombin increased only the peak thrombin compared to the control without 

altering the lag phase of thrombin generation (black solid line), as observed through 

the time taken for the burst in thrombin generation. However, a 2-fold increase in the 

kinetics of both FXI and FV activation by thrombin resulted in a dramatic decrease in 

lag time (faster thrombin burst) as well as an increase in peak thrombin concentration 

compared to the control. The data suggests that if PolyP enhanced only the activation 

of FXI by thrombin, it would have resulted in the amplification of the peak thrombin 

rather than hastening the lag phase.  
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Figure 7.3 Polyphosphates enhance TF-mediated thrombin generation. The effect of 

PolyP on TF-initiated thrombin generation is analyzed using the extended (ext.) HM 

model and verified using experiments. (A) Thrombin generation curves from simulations 

of the ext. HM model initiated with 0.125 pM TF and 30 nM FXI. In select simulations, 

the kinetic constants of FXI activation by thrombin (IIa) was increased by 10-fold or 2-

fold with or without increasing the kinetic constant of FV activation by thrombin (IIa) by 

2-fold. (B) Thrombin generation was initiated with 0.125 pM TF in FXI-depleted plasma 

supplemented with 30 nM FXI in the presence or absence of 10 µM PolyP. Data from 

experiments are representative of n = 2 independent experiments. 

 

 

Preliminary data from the thrombin generation experiments indicate that the presence 

of PolyP decreases the lag time from around 18 minutes to 8 minutes without 

considerably altering the peak thrombin concentration (Figure 7.3B). While the 

model predicted the decrease in lag time correctly, it also predicted more than 1.5-

fold increase in peak thrombin in contrast to the experiments, warranting the need to 

include other mechanisms possibly affected by PolyP.   

To delineate the contribution of PolyP towards TF-mediated thrombin generation, 

future studies will involve measuring thrombin generation in FV and/or FXI-depleted 

plasma with the exogenous addition FV (0-20 nM) or FXI (0-30 nM) in the presence 

of a range of polyphosphate concentrations (0-20 µM). In addition, anti-FXI antibody 

1A6 will be used in combination with FXI in select experiments to assess the role of 
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FXIa-mediated FIX activation in thrombin generation in the presence of 

polyphosphates. The results from these studies can aid in the quantification of the 

relative contribution of FXI and FV towards TF-mediated thrombin generation with 

implications in pathology.  
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Appendix A 

Modeling the shear rate on the surface of a thrombus in a daughter vessel of a 

microvascular bifurcation 

The following is the mathematical derivation of the analytical model to estimate shear 

rates on a thrombus of any given length inside a daughter vessel of the bifurcation as 

described in Chapter 6. The meanings of the notations used below can be found in 

Figure 6.1 Modeling a microvasculature bifurcation with a thrombus as a series of 

resistances. 

Equation for shear rate on the thrombus surface for a fully developed steady 

Newtonian flow reads as 

𝛾𝑡ℎ̇ =
8𝑣𝑡ℎ

𝐷12

 

 

(𝐴1) 

  

𝛾𝑡ℎ̇ = 𝑆ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 𝑜𝑛 𝑡ℎ𝑟𝑜𝑚𝑏𝑢𝑠 𝑠𝑢𝑟𝑓𝑎𝑐𝑒; 𝑣𝑡ℎ = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑛𝑒𝑎𝑟 𝑡ℎ𝑟𝑜𝑚𝑏𝑢𝑠 

𝐷12 = 𝑂𝑝𝑒𝑛 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑡ℎ𝑟𝑜𝑚𝑏𝑜𝑡𝑖𝑐 𝑟𝑒𝑔𝑖𝑜𝑛;  𝐷12 = (1 − 𝑥) ∗ 𝐷1; 

𝑥 − 𝑜𝑐𝑐𝑙𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜, 𝐷1 − 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑣𝑒𝑠𝑠𝑒𝑙 𝑏𝑒𝑓𝑜𝑟𝑒 𝑜𝑐𝑐𝑙𝑢𝑠𝑖𝑜𝑛 

𝐷1 = 𝑟1 ∗ 𝐷; 𝑟1 − 𝐵𝑖𝑓𝑢𝑟𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 

Substituting for D12 in terms of occlusion ratio ‘𝑥’ and bifurcation ratio ‘𝑟1’ in (𝐴1) 

and simplifying to get (𝐴2)  

𝛾𝑡ℎ̇ =  
8 𝑣𝑡ℎ

(1 − 𝑥)𝑟1𝐷
 

 

𝑤ℎ𝑒𝑟𝑒 𝑣𝑡ℎ =  
𝑄1

𝐴𝑡ℎ

 

(𝐴2) 
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𝑄1 = 𝐵𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑟𝑜𝑚𝑏𝑜𝑡𝑖𝑐 𝑣𝑒𝑠𝑠𝑒𝑙 

𝐴𝑡ℎ = 𝑂𝑝𝑒𝑛 𝑎𝑟𝑒𝑎 𝑓𝑜𝑟 𝑓𝑙𝑜𝑤 𝑖𝑛 𝑜𝑐𝑐𝑙𝑢𝑑𝑒𝑑 𝑣𝑒𝑠𝑠𝑒𝑙  

𝑄1 = 𝑄.
𝑅2

𝑅2 + 𝑅1

; 𝑤ℎ𝑒𝑟𝑒 𝑄 =  
∆𝑃

𝑅𝑡

 

𝐴𝑡ℎ =  
𝜋𝐷12

4

4
=  

𝜋(1 − 𝑥)2𝐷1
2

4
=  

𝜋(1 − 𝑥)2𝑟1
2𝐷2

4
 

∴ 𝑣𝑡ℎ =   
∆𝑃

𝑅𝑡

∗
𝑅2

𝑅2 + 𝑅1

∗
4

𝜋(1 − 𝑥)2𝑟1
2𝐷2

 

Substituting these in (𝐴2), we get 

𝛾𝑡ℎ̇ =
8

(1 − 𝑥)𝑟1𝐷

∆𝑃

𝑅𝑡

𝑅2

𝑅2 + 𝑅1

4

𝜋(1 − 𝑥)2𝑟1
2𝐷2

 
 

 

 

 

 

 

𝛾𝑡ℎ̇ =
32 ∆𝑃

𝜋𝐷3 𝑅𝑡

𝑅2

(𝑅2 + 𝑅1) ∗  (1 − 𝑥)3𝑟1
3 

(𝐴3) 

 

This could be further simplified as the first few terms in (𝐴3) could be grouped as the 

inlet shear rate in the parent vessel. 

𝐼𝑛𝑙𝑒𝑡 𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒, 𝛾̇ =   
8 ∗ 𝑣

𝐷
=  

8 ∗  ∆𝑃

𝑅𝑡 ∗ 𝐷 ∗
𝜋𝐷2

4

=  
32 ∆𝑃 

𝜋𝐷3𝑅𝑡
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So, equation (𝐴3) is simplified to,  

 

 

𝛾𝑡ℎ̇ =  𝛾̇
𝑅2

(𝑅2 + 𝑅1) ∗  (1 − 𝑥)3𝑟1
3 

 

 

𝑅1 = 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑣𝑒𝑠𝑠𝑒𝑙 1 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑡ℎ𝑟𝑜𝑚𝑏𝑢𝑠, and  

 

is made of three resistances in series, resistance due to the region 

upstream of the thrombus (𝑅11), resistance due to the thrombus (𝑅12) 

and resistance due to the region downstream of the thrombus (𝑅13) and 

can be equated using Hagen-Poiseuille relation for each resistance as 

follows, 

 

(𝐴4) 

 

 

 

 

 

 

𝑅1 = 𝑅11 + 𝑅12 + 𝑅13 =  
128 𝜇𝐿11

𝜋𝐷1
4 +

128 𝜇𝐿12

𝜋𝐷12
4 +

128 𝜇𝐿13

𝜋𝐷1
4 ; 

 

𝐿11, 𝐿13 −  𝐿𝑒𝑛𝑔𝑡ℎ𝑠 𝑜𝑓 𝑛𝑜𝑛 𝑡ℎ𝑟𝑜𝑚𝑏𝑜𝑡𝑖𝑐 𝑟𝑒𝑔𝑖𝑜𝑛𝑠 𝑜𝑓 𝑣𝑒𝑠𝑠𝑒𝑙;  
 

𝐿12 − 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑟𝑜𝑚𝑏𝑢𝑠 
 

𝜇 − 𝐵𝑙𝑜𝑜𝑑 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦; 

 

𝐷1 − 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑑𝑎𝑢𝑔ℎ𝑡𝑒𝑟 𝑣𝑒𝑠𝑠𝑒𝑙 1, 
 

 

(𝐴5) 

 

 

 

 

 

The variables used for resistances, diameters and lengths in these equations are 

depicted in Figure 6.1B and C. 

 

  



153 

Simplifying (𝐴5) we obtain 𝑅1 as 

𝑅1 =  
128 𝜇

𝜋
 𝜆1;   𝑤ℎ𝑒𝑟𝑒 𝜆1 =  

𝐿11

𝐷1
4 +

𝐿12

𝐷. 𝑟1. (1 − 𝑥)4
+

𝐿13

𝐷1
4  

(𝐴6) 

 

Similar to 𝑅1, 𝑅2 can be written as  

𝑅2 =  
128 𝜇

𝜋
 𝜆2;  𝑤ℎ𝑒𝑟𝑒 𝜆2 =  

𝐿2

𝐷2
4 ;  

 

 

To obtain  
𝑅2

𝑅2+𝑅1
, 

𝑅2

𝑅2 + 𝑅1

=  
𝜆1

𝜆1 + 𝜆2

   

 

(𝐴7) 

Substituting (𝐴7) in (𝐴4), we get equation (9) (in Chapter 6) to describe the shear 

rate on the thrombus surface at different stages of occlusion. 

𝛾𝑡ℎ ̇ = 𝛾̇
𝜆1

(𝜆1 + 𝜆2) ∗ (1 − 𝑥)3𝑟1
3 

 

(9) 

 

This mathematical relation can be used to estimate the shear rate on thrombus surface 

growing in one of the vessels in a bifurcation at any stage of occlusion defined by the 

occlusion ratio ‘𝑥’. 

 


