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 The formation of a hemostatic plug to staunch blood loss at sites of vascular injury relies on 

the dynamical processes of activation of the coagulation cascade and platelet recruitment in the setting 

of the biorheology of blood flow. Thus, elucidation of the molecular mechanisms of thrombus 

formation ex vivo relies on the use of biomedical engineering principles to design platforms to study 

complex enzymatic reactions and cell biology under physiologically relevant shear flow conditions. 

The focus of this dissertation work is the development and testing of microfluidic platforms to study 

blood reaction dynamics in health and disease. The ultimate goal of this work is to expand our 

understanding of the (patho)physiology of thrombosis and hemostasis and determine how can we 

intervene with one without compromising the other. 

In an intact healthy vessel, platelets travel within laminar flow in a quiescent form. Upon vessel 

injury, resting platelets are recruited to the exposed extracellular matrix under shear flow, followed by 

platelet adhesion and activation as part of the hemostatic plug formation. Aberrant geometries of 

extracorporeal blood oxygenators and thrombus formation within damaged vessels can change the 

biorheology of blood affecting distribution of blood components and reactants within the bloodstream 

and lead to platelet activation within flowing blood. In order to evaluate the effect of a thrombin 

generation at a local site of thrombus formation on a platelet activation in the blood flow distal to local 

site of thrombus formation, two novel ex vivo flow models were developed: (1) a microfluidic ladder 

network to mimic complexities of thrombus formation evolution in a multi-bypass system and (2) a 
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single channel flow model to mimic a local site of vascular injury in combination with the downstream 

collection of blood samples to allow for the analysis of distal platelet activation, microaggregate 

formation and single platelet consumption in flowing blood. Utilizing an integrated computational and 

experimental approach, the work herein shows that the initial local sites of thrombus formation 

promotes distal platelet activation, aggregation and consumption in a network geometry and in flowing 

blood in a shear- as well as residence time-dependent manner. 

Thrombosis and hemostasis appear to separate mechanistically upstream of coagulation factor 

(F)XI, as FXI and FIX deficiency cause mild and severe hemophilia, respectively, while FXII 

deficiency is asymptomatic. FXI-deficient humans are largely protected from deep vein thrombosis 

and ischemic stroke. Furthermore, inhibition of FXI activation by activated FXII(a) improves survival 

in mice with peritoneal sepsis or listeriosis. Results described in this dissertation identify the role of 

FXI activation by FXIIa in thrombin generation and platelet aggregation at a local site of thrombus 

formation. Distal to the local site of thrombus formation, FXI activation by FXIIa promotes platelet 

activation and consumption in flowing blood. Moreover, FXII activity promotes platelet consumption 

in the presence of bacterial-type long-chain polyphosphate in blood flow in vitro and bacteria in vivo. 

Clinically, it is important to be able to rapidly assess hemostasis in emergency situations as well 

as utilize effective therapeutic agents to mitigate bleeding and thrombotic risks. In order to facilitate 

mechanistic studies of platelet physiology in the context of blood flow, we have developed several 

computational and experimental approaches to study platelet and coagulation function under shear. In 

the last part of the dissertation we utilize tools developed to: (1) assess whether the mode of transport 

of platelet concentrate units within a hospital affects their function, as pertinent to their use in 

transfusion medicine, and (2) develop a new point-of-care microfluidic platform to assess clinically 

important blood parameters of hemostasis and thrombosis. 

Collectively, this dissertation provides new study platforms and insights into the blood reaction 

dynamics under shear flow. 
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 Introduction 

1.1 Synopsis 

 Hemostasis is an active process between blood cells and blood plasma proteins under shear flow, 

resulting in thrombin generation, platelet activation and fibrin formation to generate a hemostatic plug 

that staunches blood loss following vessel injury. Thrombosis is a (patho)physiological process of 

blood reactions associated with life-threatening complications such as perfusion compromise. While 

the enzymatic reactions that mediate hemostasis are orchestrated outside the lumen of the blood vessel, 

including the subendothelium and endothelial layer, thrombosis reactions progress within the lumen of 

the blood vessel (Figure 1.1). The long-term goal of my work is to attain mechanistic understanding of 

these processes with the ultimate objective of identifying safe and efficacious therapeutic targets to 

maintain perfusion by preserving hemostasis while preventing thrombosis in select disease settings. In 

this chapter, we will explore fundamental aspects of blood biorheology, coagulation activation, platelet 

biology and endothelial cell function in the dynamic balance of hemostasis and thrombosis in select 

settings. The last section of this chapter (section 1.6) contains the overview of this thesis. 

 

  

 
 
Figure 1.1 Schematic of a vessel with different spaces and aspects involved in perfusion maintenance and disturbance. 

© Jevgenia Zilberman-Rudenko 
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1.2 Blood biorheology and transport physics 

Consider a simple homogenous solution (sugar water) entering a circular pipe or a channel at a 

uniform velocity. Such fluid motion will be influenced by the diameter, geometry and surface of the 

pipe system, the pressure applied and a set viscosity of the fluid. Blood is a much more complex fluid 

that consists of a cell suspension in a viscous medium (plasma), all of which exist in a dynamic state of 

change depending on the different aspects affecting blood biorheology, blood cell deformability as 

well as pulsatile and circular pressure. This section will describe basics of blood biorheology concepts, 

all of which should be taken with the caveat of assumptions made to derive simplistic estimates of this 

intricate substance behavior in human vasculature. Note, the pulsatile flow of blood and blood cell 

deformability (specifically red blood cells, RBC) complicate all laws of biorheology described and as 

such are not taken into the account in the described relationships between physical parameters. 

 

1.2.1 Poiseuille’s law and parabolic flow profile 

Assuming a blood entry at a uniform velocity and a no-slip condition, the fluid particles (blood 

cells; Section 1.2.2) in the layer in contact with the surface of the pipe (also known as boundary layer) 

tend to slow down or even stop due to friction experienced at the surface of the pipe (Section 1.2.3). 

The layers adjacent to the boundary layer will further gradually slow down as a result of inter-layer 

friction. Per Newton’s First Law, the bulk flow rate through the pipe should remain constant, thus the 

velocity of the fluid at the center of the pipe has to increase proportionally (Figure 1.2).  

This is the basis of the Poiseuille’s law, which predicts that in a straight vessel (or a channel) 

with a uniform radius of 𝑟𝑖, the velocity profile of a fluid (e.g. blood) follows a parabolic distribution 

(Figure 1.2); where the velocity (𝑣𝑟) for different concentric ‘layers’ of blood is directly proportional 

to the pressure drop over the length of channel (∆𝑃/𝑙), the radius (𝑟𝑖) of the channel, the location of 

‘layer’ with respect to the center (𝑟) of the channel and reciprocal of the bulk viscosity (𝜇) of blood.  
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The Poiseuille’s law assumes that blood is a Newtonian non-compressible fluid and thus can be 

described with the following equation[1,2]: 

𝒗𝒓 =  
∆𝑷 (𝒓𝒊

𝟐 − 𝒓𝟐)

𝟒𝝁𝒍
 

This predicts that the velocity of blood particles at the center of the channel is the fastest (𝑣𝑚𝑎𝑥): 

𝑣𝑚𝑎𝑥 = (∆𝑃/𝑙) ∙ 𝑟𝑖
2/4𝜇 

The mean velocity, found at approximately 0.7𝑟𝑖, is ~𝑣𝑚𝑎𝑥/2. The steady bulk blood flow rate (𝑄) is 

directly proportional to mean velocity and the cross-sectional area of the channel.  

 

1.2.2 Blood particles, Fåhræus and Linquist 

The most abundant cell type (~99%) in the blood is the RBC. In humans, blood RBC content 

(hematocrit) ranges from 36-54 percent of blood volume, which translates to 4.7-6.1 × 106 cells/µL.[3] 

RBCs play a critical role of supplying tissues with oxygen and nutrients as well as removal of the 

toxins (e.g. carbon dioxide). Human RBCs are anucleate corpuscles with a special biconcave disk 

shape with a diameter that ranges from 5.5 to 8.8 µm and thickness of 2 µm at the periphery and 1 µm 

at the center.[4] This specific shape, elasticity and deformability, are important for RBC ability to 

circulate through the reticuloendothelial system and small diameter capillaries (< 3 µm) as well as 

facilitate a radially-directed margination of platelets to the boundary layer (Figure 1.2) at the vessel 

wall.[5–8] 

 
Figure 1.2 Parabolic flow profile of blood. 

Figure adapted from Klabunde, Cardiovascular Physiology Concepts, 2nd ed., Lippincott Williams & Wilkins 2012. 

© Jevgenia Zilberman-Rudenko 
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RBC flow within the bloodstream follows the Fåhræus effect, which predicts that, depending on 

the diameter of the vessel, RBCs will tend to migrate to the channel centerline and form a core that 

flows faster as compared to the rest of the blood and specifically plasma and platelets.[5–11] This 

behavior contributes to a special Fåhræus-Linquist effect that applies to vasculature of 10 – 300 µm, 

which predicts that the viscosity of the blood is directly proportional to the diameter of the vessel. 

Thus, smaller vasculature such as capillaries and arterioles should have a lower apparent viscosity. 

Note, the majority of the ex vivo studies described in this dissertation will explore blood behavior in 

capillary channels of approximate diameter of 10 – 360 µm. 

 

1.2.3 Reynold’s number and flow type 

In laminar (from Latin ‘lami’ - thin layer or sheet) flow, the bulk flow rate (𝑄) of the blood is 

directly proportional to the pressure gradient (∆𝑃). In turbulent flow, the flow rate is proportional to 

the square root of the pressure gradient. The turbulence of flow is predicted by the Reynolds number 

(𝑅𝑒), a dimensionless quantity in fluid mechanics described with equation below:[12] 

𝑅𝑒 =  
𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
 =  

𝜌𝑉𝐷

𝜇
 

where 𝜌 is pressure (N/m2) applied and 𝜇 is fluid bulk viscosity (mPa·s; Table 1.1). 𝑉 and 𝐷 are a fluid 

characteristic velocity and distance; which in a uniform solid pipe (or channel) translates to an average 

fluid velocity and the pipe (or channel) diameter, respectively. 

The bulk viscosity of whole blood with a hematocrit of 45 percent 

is about four times higher than that of water (Table 1.1). Bulk viscosity 

of blood goes up with higher levels of hematocrit, which can be a 

contributing factor for thrombo-embolic complications and has been 

shown to associate with poor perfusion and oxygenation of heart 

muscle.[13] 

Fluid 
𝝁 

(mPa·s) 

Water (0°C) 1.8 

Water (20°C) 1.0 

Water (100°C) 0.3 

Whole blood (37°C) 
Hematocrit of 45% 

~4.0 

Blood plasma (37°C) 
Hematocrit of 0% 

~1.5 

Engine oil (AE10) ~200 

Air 0.018 
 

Table 1.1 Fluid viscosity. 

© Jevgenia Zilberman-Rudenko 
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The laminar flow tends to be most prominent at low Reynolds numbers (< 2000), whilst the 

turbulence of flow emerges at higher Reynolds numbers (> 4000), with transitional flow in 

between.[14] For instance, blood flow may be more turbulent in a large diameter artery, such as an 

ascending aorta (Table 1.2 and Table 1.3), with a rapid flow in a patient with low hematocrit (anemia). 

Branching of vasculature with rapid changes in vessel diameter may also lead to disturbance in flow 

e.g., when a narrower vessel widens to a larger one. A vessel plaque or an atheroma that alters vessel 

diameter and malleability of a vessel may further cause turbulent flow. Generally, healthy arterioles 

and capillaries are assumed to have laminar flow (Table 1.2),[15] and as per Section 1.2.1 lower 

apparent viscosity. 

 

 

1.2.4 Wall shear stress and shear rate  

At the boundary layer, the vessel wall will experience shearing deformation due to the interaction 

of a moving layer (blood) and a stationary layer (vessel wall). A type of frictional force exerted on a 

vessel wall by flowing blood is termed wall shear stress. Wall shear stress is directly proportional to 

fluid bulk viscosity (𝜇; Table 1.1) and steady bulk blood flow rate (𝑄) and is inversely proportional to 

the radius (𝑟𝑖) of the channel to the third power. For this estimate, blood is assumed to act as 

Newtonian fluid with shear rate directly proportional to shear stress. The shear rate is defined as a ratio 

of fluid layer (‘moving plate’) velocity to the distance between the layer and the wall.  

Vessel / Special condition 
Peak velocity  

(cm/s) 
Mean velocity 

(cm/s) 
Reynolds # 

(peak) 
Pulse propagation 

velocity (cm/s) 

Ascending aorta 20 – 290 10 – 40 4500 400 – 600 

Descending aorta 25 – 250 10 – 40 3400 400 – 600 

Abdominal aorta 50 – 60 8 – 20 1250 700 – 600 

Femoral artery 100 – 120  10 – 15 1000 800 – 1030 

Carotid artery 50 – 150 20 – 30  600 – 1100 

Arteriole 0.5 – 1.0  0.09  

Capillary 0.02 – 0.17  0.001  

Inferior vena cava 15 – 40  700 100 - 700 

 

Table 1.2 Velocity parameters in arteries and veins. 

Data adapted from Caro et al., Cardiovasc Res 1974. © Jevgenia Zilberman-Rudenko 
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Under normal physiological conditions, wall shear stresses of human vasculature range from 1 to 

60 dynes/cm2[2,5,16] and normal shear rate ranges from 20 to 2,000 s1 (Table 1.3).[1,2,5,17–19] 

Clinically, wall shear stress can be estimated by measuring blood flow using non-invasive imaging, 

such as ultrasound or magnetic residence imaging. Shear stress plays a physiological role in the 

cardiovascular system by affecting (patho)physiologic gene expression and development of 

cardiovascular structures as well as blood-forming stem cells.[20,21] 

 

In ex vivo flow experiments, to mimic a specific shear rate condition, shear rate is estimated by 

dividing average linear velocity of blood (derived from flow rate setting on a pump) and height of the 

microfluidic channel (space between two solid plates). 

 

1.2.5 Thrombin mass transfer and Péclet number  

The rate of platelet activation, aggregation and fibrin formation in an environment of flowing 

blood is a balance between the delivery of reactants (platelets and coagulation factors) to the local site 

of vascular injury relative to the rate of assembly and (in)activation of coagulation factors on the 

activated platelet surface.[22] The availability of soluble molecules, such as thrombin, at the site of the 

Vessel / Special condition 
Shear rate  

(s-1) 
Shear stress 
(dyne/cm2) 

Diameter 
(mm) 

Function 

Ascending aorta 300 2 – 10 25 Blood from heart 

Large arteries 300 – 800 10 – 30 1.0 – 4.0 
Distribution of oxygenated 
blood 

Small arteries 
   Coronary artery (LCA/RCA) 
   Carotid artery  

 
300 – 1500 

250 

 
10 – 60 

10 

 
0.2 – 1.0 

Distribution and resistance 
(pressure and flow 
regulation) 

Arterioles 500 – 1600 20 – 60 0.2 – 1.0 Resistance  

Capillaries 200 - 2000 NA 0.006 – 0.010 Gas exchange 

Post-capillary venules 50 – 200 1 – 2 0.01 – 0.20 Exchange and collection 

Veins 20 – 200 0.8 – 8 0.2 – 5.0 Blood volume 

Coronary stenosis (LAD) 5000 – 100000    

Deep vein thrombosis (DVT) 0 – 200    

 

Table 1.3 Hemodynamic and transport parameters in the human vasculature. 

Data adapted from Brass and Diamond, J Thromb Haemost 2016 and Klabunde, Cardiovascular Physiology Concepts, 2nd ed., 

Lippincott Williams & Wilkins 2012; LCA – left circumflex artery, RCA – right circumflex artery, LAD – left anterior 

descending artery. © Jevgenia Zilberman-Rudenko 
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local thrombus formation or in the bloodstream distal to sites of thrombus formation is dependent on 

the molecule mass transfer in flowing fluid.  

The Péclet number (Pe), a dimensionless quantity that characterizes the relative importance of 

diffusion (molecule dispersal mostly perpendicular to velocity streamlines) to convection (molecule 

dispersal mostly parallel to/with velocity streamlines).[23–25] In a microfluidic platform, the Péclet 

number is directly proportional to a diameter of the channel multiplied by the corresponding fluid layer 

velocity and inversely proportional to the molecule diffusion coefficient. Diffusion dominates in 

settings where Pe < 1, whilst convection dominates in settings where Pe > 1. Applied experimental 

examples of this topic can be found in  Chapter 3 and Chapter 4 of this dissertation. 

The assumption of thrombin mass transfer relevance in vasculature is that thrombin remains 

active in the bloodstream. Thrombin is known to be rapidly inactivated by plasma inhibitors such as 

antithrombin (ATIII) and heparin cofactor II;[26–28] on the other hand, thrombin catalyzes its own 

feedback generation through activation of the coagulation factor XI (Section 1.3). Thus, these 

regulation pathways should be taken into account as appropriate. 
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1.3 Coagulation overview 

One of the coagulation field pioneers, Earl W. Davie, PhD, referrers to solidified blood clot 

formation as one of the most unusual and remarkable properties of blood.[29] Whole human blood is a 

suspension of blood cells (particles) and blood plasma (fluid). Blood plasma is packed with 

coagulation factors that upon activation can change the state of the fluid from liquid to nearly a solid in 

a process referred to as clotting. In this setting, plasma, platelets, vasculature and tissue molecules all 

collaborate to produce a clot in a regulated manner. For instance, activated (or damaged) platelets 

expose a membrane phospholipid, phosphatidylserine, which was shown to support clotting reactions. 

The process of coagulation has been studied for centuries with initial discoveries starting in the 

mid- to late-1800s.[29–33] These discoveries led to a classic view of physiologic process of 

hemostasis where coagulation factors collaborate with platelets (Section 1.4) and vascular cells 

(Section 1.5) to form an extraluminal fibrin-rich platelet plug to staunch blood loss (Figure 

1.3).[29,34] It was also discovered that the same players are involved in the pathological process of 

thrombosis whereby platelets and coagulation factors collaborate to make aggregates within the 

intravascular space associated with clinically significant thrombo-embolic complications.[35] 

 

 
Figure 1.3 Role of blood components (blood coagulation factors and platelets) in hemostasis. 

Engelmann and Massberg., Nat Rev Immunol 2013; Reprinted with permission. 
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Distinction of these two processes, organ perfusion saving (hemostasis) vs. perfusion 

jeopardizing (thrombosis), has been the saga of many scientists from then on. This section will cover 

the basics of coagulation factors (section 1.3.1), the historic view of the coagulation cascade (section 

1.3.2), hemophilias, procoagulant defects and standard anticoagulants (section 1.3.3), classic clinical 

coagulation tests (section 1.3.4), basics of fibrinolysis and thromboelastography (section 1.3.5) and, 

lastly, new findings altering the view of coagulation cascade and opening potential directions for the 

development of novel anticoagulants (section 1.3.6).  

 

1.3.1 Coagulation factors 

Each coagulation factor exists in blood as an inactive enzyme precursor (zymogen) denoted with 

a Roman numeral (e.g. coagulation factor XII, FXII). Most of the coagulation factors are serine 

proteases and thus, upon activation, these enzymes are able to activate the next respective zymogen in 

a “cascading” series of reactions (more on this in the next section 1.3.2). The activated coagulation 

factors are denoted with a lowercase ‘a’ (e.g. FXIIa).[36] Some special coagulation factors include 

tissue factor (TF or FIII), FV and FVIII which are glycoproteins that participate in reactions more as 

co-factors rather than enzymes.[29,36–38] Factor XIII is a transglutaminase that facilitates 

crosslinking and polymerization of activated fibrin monomers.[36] FI is fibrinogen. 

All coagulation factors, except FVIII, are produced by liver. FVIII is manufactured by healthy 

endothelial cells. Coagulation factor function depends on a number of parameters and molecules. 

Vitamin K is generated in the small intestine and is reduced by hepatic (produced in liver) Vitamin K 

epoxide reductase. The reduced form of Vitamin K facilitates gamma-carboxylation of glutamic 

residues of FII (prothrombin), FVII, FIX, FX, protein C, S and Z, producing mature gamma-

carboxyglutamic (GLA) domains which are responsible for these coagulation factors' ability to bind to 

phospholipids and calcium.[39,40] 
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1.3.2 Classic waterfall view of blood coagulation cascade 

The classic view of the coagulation cascade contains two coagulation activation pathways 

(extrinsic and intrinsic) which converge into a common coagulation pathway and ultimately lead to 

thrombin generation and fibrin formation (Figure 1.4).[41] The extrinsic pathways is considered the 

principal pathway of coagulation activation in vivo.[42] The extrinsic pathway is initiated by tissue 

factor (TF) exposure in the presence of vessel injury or TF-bearing lymphocyte infiltration.[42–44] In 

the extrinsic pathway, coagulation factor VII (FVII) forms an activated complex with TF (FVIIa:TF) 

and activates coagulation factor X (FX). Coagulation FXa then binds prothrombin (FII) and FV 

forming the prothrombinase complex, cleaving prothrombin to thrombin. In the contact activation 

pathway, factor XII (FXII) is converted to activated protease FXIIa in the presence of negatively 

charged molecules.[45] FXIIa then catalyzes the activation of FXI, subsequently leading to activation 

of FIX and ultimately thrombin generation (Figure 1.4). 

 

 
Figure 1.4 Classic view of generalized coagulation pathways. 

Adapted from Gailani and Renné, ATVB 2007; Factors in red have a GLA-domain and require reduced Vitamin K (Warfarin-

sensitive); Filled ellipse around a factor denotes co-factor function; Scissors indicate targets of proteolytic regulation by APC. 

© Jevgenia Zilberman-Rudenko 
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Thrombin converts plasma soluble fibrinogen (FI) into an insoluble fibrin mesh by cleaving 

fibrin peptides A and B from fibrinogen (FI) thus revealing sites for fibrin polymerization by FXIII. 

Thrombin further promotes self-regulation by activating protein C, a process that is more efficient in 

the presence of endothelial thrombomodulin (TM; more in Section 1.5.3) and endothelial protein C 

receptors (EPCRs).[46,47] Activated protein C (APC) is a well-known cytoprotective protein, which  

among other things plays an important role in regulating coagulation.[48] Upon activation, APC acts 

as a serine protease and proteolytically inactivates FVa and FVIIIa (scissors; Figure 1.4).[49] A 

naturally occurring mutation, Factor V Leiden, protects FVa from being deactivated by APC putting 

patients with this mutation at thrombotic risk.[50,51] 

Antithrombin (ATIII) is a naturally-occurring anticoagulant. ATIII is a serine protease that is 

produced by liver and circulates in plasma. ATIII inhibits thrombin, FXIIa, FXIa, FIXa, and FXa.[52] 

In the presence of heparin, ATIII is also able to inhibit the FVIIa:TF complex.[53,54] In the presence 

of heparin, the rate of ATIII-thrombin inactivation increases approximately 2000 to 4000 fold (to ~ 1.5 

– 4 × 107 M−1 s−1),[55–58] ATIII-FXa inhibition increases approximately 500 to 1000 fold,[55,58] and 

ATIII-FIXa inhibition increases approximately 1 million fold.[59] 

 

1.3.3 Hemophilias, procoagulant defects and classic anticoagulants 

Circulating plasma proteins play an important role in the delicate balance between hemostasis 

and thrombosis. Congenital deficiency of FVIII or FIX, hemophilia A and B respectively, both are 

associated with severe bleeding risks and require rather costly as well as sometimes dangerous 

therapeutic strategies. Coagulation factor replacement is the first line of treatment for hemophilia A 

and B, yet these have a risk for developing inhibitory antibodies.[60,61] Hemophilia A and B patients 

are affected early in life and amongst other things these patients undergo significant counseling and 

social adjustments to mitigate risks of bleeding e.g. due to a simple accident on a playground.   
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Congenital deficiency of FXI, also known as hemophilia C, typically causes mucosal bleeding 

symptoms or presents as increased bleeding in patients who have undergone a surgical procedure yet 

without significant correlation between remaining FXI levels and bleeding symptoms.[62] Notably, 

unlike hemophilia A and B, hemophilia C frequently remains undetected without provocation (e.g. 

dental extraction) and maybe only noted as a potential in the presence of an aberrant test result 

(Section 1.3.4 and Table 1.4) in an otherwise healthy individual. Congenital FXII deficiency is 

asymptomatic and presents with no bleeding diathesis except as marked on a coagulation test (Section 

1.3.4 and Table 1.4) 

Factor V Leiden is a hypercoagulable disorder due to mutation in FV making FVa resistant to 

inhibition by activated protein C.[50,51] Factor V Leiden mutation is autosomal dominant and is the 

most common hereditary coagulation disorder amongst ethnic Europeans.[63–65] Common 

presentation of Factor V Leiden is a woman with a history of unprovoked venous thromboembolism 

(VTE) during a pregnancy.[66] 

 There are a number of oral anticoagulants, colloquially known as blood thinners, that have been 

used clinically for mitigating the risk of thrombo-embolic complications, such as deep venous 

thrombosis (DVT) and pulmonary embolism (PE), in medically ill, postsurgical patients and patients 

with atrial fibrillation.[67,68] For the past fifty years, warfarin (Coumadin®) has remained as one of 

the most prescribed anticoagulants.[69] Similar to a well-known rodenticide (Coumarin), warfarin acts 

as a vitamin K reductase antagonist and thus affects maturation of FII, FVII, FIX, FX and protein C/S 

and Z GLA domains.   

The variable pharmacokinetics and pharmacodynamics of warfarin make it somewhat 

challenging to maintain within a therapeutic range, which necessitates close monitoring of patients on 

warfarin (Table 1.4).[67–72] Besides mild to severe bleeding risks,[67,73,73–76] warfarin side-effects 

include a rare yet severe warfarin-induced skin necrosis, which has to do with an acquired protein C 

deficiency.[77] Most patients with non-valvular atrial fibrillation requiring long term anticoagulation 
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still receive warfarin. Warfarin effects can be reversed as needed for urgent procedures with vitamin 

K, fresh frozen blood plasma, prothrombin complex concentrates and recombinant factor 

VII.[68,71,78,79] 

Relatively new to the market, non-warfarin oral anticoagulants (NOACs) also known as direct 

oral anticoagulants (DOACs) are becoming more popular in the clinic. Dabigatran (Pradaxa®) is a 

direct thrombin inhibitor,[68,80,81] which has been approved for the reduction of risk of stroke and 

systemic embolism in patients with non-valvular atrial fibrillation for the treatment of DVT and PE in 

patients and for the reduction of the risk of recurrence of DVT and PE in previously treated 

patients.[82] Rivaroxaban (Xarelto®) and apixaban (Eliquis®) are both direct FXa inhibitors, which 

have been approved for stroke prevention in non-valvular atrial fibrillation as well as treatment and 

prophylaxis of VTE after elective major joint replacement surgery.[83,84] Fondaparinux (Arixtra®) is 

a synthetic pentasaccharide that acts as an indirect FXa and is administered via a subcutaneous 

injection. Fondaparinux has been shown beneficial for post-operative DVT prevention,[85–88] yet its 

use is limited due to the potential of bleeding.[85,89] 

Heparin is another classic anticoagulant used in hospitals for prevention and mitigation of VTE. 

Heparin is a naturally occurring anticoagulant produced by basophils and mast cells.[90] 

Unfractionated heparin is made from porcine intestine and contains sulfated glycosaminoglycans of 

variable size.[91] Heparins act by enhancing ATIII activity (Section 1.3.2) and have been shown to be 

more effective than warfarin for post-operative prevention of VTE.[92–94] While overall safe, 

extended use of heparins (mostly of unfractionated type) can lead to a delay in fracture healing, 

osteoporosis and thrombocytopenia.[94–96] Low molecular weight heparins, such as enoxaparin 

(Lovenox®), have largely replaced unfractionated heparin use due to higher safety and ability to 

administer these via subcutaneous injection.[97]  
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1.3.4 Classic clinical coagulation tests 

Clinical coagulation tests, such as the prothrombin time (PT) and activated partial thromboplastin 

time (aPTT) are frequently used to assess blood clotting function in patients. These tests are performed 

by assessing clotting of isolated platelet poor plasma (PPP) in the presence of known activators of 

coagulation cascade in a closed and mixed test system. For PT, the reaction is initiated via either the 

extrinsic pathway by a lipidated tissue factor (TF) or Innovin®. For aPTT, the reaction is initiated via 

the intrinsic pathway by silica or ellagic acid. Upon initiation, plasma gelation is detected once a steel 

bead suspended in the plasma stops moving and time to plasma gelation is marked. PT and aPTT times 

range between 11-14 seconds and 25-35 seconds, respectively. PT of an individual patient can further 

be expressed as the normalized ratio comparing the PT of a patient to the normal control in an 

international normalized ratio (INR); INR ranges 0.8 – 1.2.  

These tests can thus provide helpful information about defects in either extrinsic, intrinsic or 

common coagulation pathways by pinpointing specific coagulation factor deficiencies, disease 

progression or monitoring the drug effects of anticoagulant therapy (Table 1.4).  

 

Setting PT aPTT Notes 

Hemophilia A or B Normal Prolonged Congenital FVIII or FIX deficiency, severe bleeding 

Hemophilia C Normal Prolonged Congenital FXI deficiency, mild/provoked bleeding 

FXII, PK, or HMWK deficit Normal Prolonged Asymptomatic, no bleeding diathesis 

Factor V Leiden Normal Normal FV resistant to activated protein C 

Lupus ‘anticoagulant’ Normal Prolonged* *associated with thrombosis rather than bleeding 

VWF disease Normal Prolonged FVIII is normally protected by VWF 

FVII deficiency Prolonged Normal Rare, 1 : 500,000 

Acquired FVII inhibitor Prolonged Normal Etiology varies 

WarfarinPO Prolonged Normal Inhibition or deficiency of reduced Vitamin K: 
immature FII, FVII, FIX, FX, protein C, S and Z Malabsorbtion, liver disease Prolonged Normal 

Liver failure Prolonged Prolonged Deficiency of all coagulation factors 

DabigatranPO, ArgatrobanPO Prolonged Prolonged Direct thrombin inhibitor 

RivaroxabanPO, ApixabanPO Prolonged Prolonged Direct FXa inhibitors 

FondaparinuxSubQ Prolonged Prolonged Indirect FXa inhibitor 

HeparinIV, EnoxaparinSubQ Normal¥ Prolonged ATIII enhancer: inhibits FIIa, FXIIa, FXIa, FIXa, FXa  

 

Table 1.4 Causes of a prolonged prothrombin time (PT) and/or a prolonged activated thromboplastin time (aPTT). 

Data adapted from ©2018 UpToDate. Note: many anticoagulants affect common pathway factors and can prolong boh the PT 

and the aPTT if present at high enough levels; Administration routes: PO – oral, IV – intravenous, SubQ – subcutaneous. 
¥- PT-reagents contain heparin-blocking agents. © Jevgenia Zilberman-Rudenko 
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1.3.5 Fibrinolysis basics and Thromboelastography (TEG) 

Fibrinolysis is a regulatory process in blood by which formed fibrin-rich platelet aggregates are 

digested in vasculature.[98] Endothelial cells (Section 1.5) release tissue plasminogen activator (tPA) 

to initiate limited conversion of plasminogen into plasmin (Figure 1.5).[99] Plasmin then promotes the 

amplification of additional plasminogen conversion from inactive protein (plasminogen) to active 

protease (plasmin; Figure 1.5). A whole separate dissertation can be written on fibrinolysis and in fact 

has been by Dr. Laurent O. Mosnier, whom I got to work with during my recent fellowship at the 

Scripps Research Institute, La Jolla, CA (Section 9.2.2). Fibrinolysis is a highly regulated and complex 

process involving molecules and cells. To mention one, thrombin activatable fibrinolysis inhibitor 

(TAFIa) inhibits fibrinolysis by abrogating plasmin-mediated auto-feedback loops designed to 

generate a burst of plasmin formation. TAFIa achieves this by removing C-terminal lysine residues of 

fibrin which act as a template onto which both tPA and plasminogen bind thereby enhancing the 

catalytic efficiency of plasmin formation. Furthermore, TAFIa inhibits conversion of Glu-plasminogen 

to Lys-plasminogen, a better substrate for tPA.[99] 

 

 
 

Figure 1.5 The fibrinolytic system and inhibition by TAFIa.  

During the initiation phase of fibrinolysis, limited amounts of plasmin are generated. These small amounts of plasmin are not 

sufficient to degrade the fibrin clot but enable fibrinolysis to progress into its propagation phase. Plasmin promotes transition of 

fibrinolysis into the propagation phase by truncating Glu-plasminogen into Lys-plasminogen and by limited proteolysis of fibrin, 

thereby creating fibrin with C-terminal lysine residues (fibrin-C-Lys). Both of these positive feedback mechanisms are opposed 

by TAFIa. Subsequent plasmin-mediated proteolysis of the fibrin clot into soluble fibrin degradation products occurs on 

progression of fibrinolysis into the propagation phase. TAFIa inhibits fibrinolysis by opposing the transition of fibrinolysis into 

the progression phase. Mosnier and Bouma, ATVB 2006; Reprinted with permission. 
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In the clinic, fibrinolysis or thrombolysis can be initiated pharmacologically by infusion of tPA. 

The decision to incorporate this intervention into routine medical practice, however, includes a number 

of barriers and considerations (some of these will be described in section 9.2.2).[100,101] Inversely, 

hyperfibrinolysis (e.g. in the setting of disseminated consumptive coagulopathy, DIC, in sepsis or in 

some cases of severe trauma) can be reversed with antifibrinolytic therapies such as tranexamic acid 

(Lysteda). Tranexamic acid was originally discovered in 1962 in Japan and has been in use in United 

States for over 20 years.[102] Tranexamic acid, a synthetic analog of amino acid lysine, acts by 

reversibly binding and saturating lysine receptors on plasminogen, thus preventing plasminogen and 

plasmin docking on fibrin (Figure 1.5).[103] Use of tranexamic acid has shown benefit in mitigating 

bleeding diathesis in patients with hemophilia or platelet storage defects,[104–106] and decreasing risk 

of death by halting bleeding post child birth[107] or traumas associated with severe bleeding.[108,109] 

Thromboelastography (TEG) is a closed system method of testing viscoelastic properties of a 

clot. TEG has been primarily used in surgery and anesthesiology and is now becoming a standard of 

care test in some of the trauma centers to assess the aspects of the whole blood clot formation and 

lysis.[108,110] In a TEG test, a torsion wire suspends a pin immersed in the cup filled with whole 

blood and the viscoelastic clot measurements are taken as the cup rotates and reactions progress in the 

blood (Figure 1.6A). 

  

 
Figure 1.6 Thromboelastography (TEG) set up and read out.  

Adapted from da Luz et al., Scand J Trauma Resusc Emer Med 2013;  
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A typical TEG profile is shown in Figure 1.6B, where: R (min) is time of latency from the start of 

the test to initial fibrin formation; K (min) is the time it takes to achieve a certain level of clot strength 

(amplitude of 20 mm), angle (α, degrees) measures the speed fibrin builds up and cross linking takes 

place, maximum clot amplitude (MA, mm) represents the ultimate strength of the fibrin clot and LY30 

is the percentage decrease in the MA at 30 minutes post-MA and gives a measure of the degree of 

fibrinolysis.[111] 

Figure 1.7 shows a real example of the clinical TEG utility; panel A shows a baseline TEG of a 

trauma patient with a suspected sepsis/DIC and panel B shows a TEG of the same patient after one 

hour of tranexamic acid infusion (values for 

pertinent TEG measures are summarized in the 

table below graphs, with values out of range 

highlighted in red). In this example, the patient 

at baseline appears hypercoagulable (short R, 

steep angle) and hyperfibrinolytic (increased 

LY30) on TEG. The infusion of tranexamic 

acid corrects LY30 and potentially 

hyperfibrinolytic state[103] of the patient. 

Interestingly, infusion of a fluid furthermore 

stabilizes the procoagulant TEG-phenotype of 

the patients (R, K and angle change), which 

may suggest either basal hypercoagulability due 

to dehydration or dilutional coagulopathy after 

infusion. This patient received continuous 

monitoring for bleeding and clotting with 

repeated tests and exams at intensive care unit. 

 
 

Figure 1.7 Clinical thromboelastography (TEG) before and 

after Tranexamic acid intravenous (IV) infusion. 

© Jevgenia Zilberman-Rudenko 
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1.3.6 Feedback loops, sepsis and development of alternative anti-coagulant therapies 

Thrombosis and hemostasis appear to separate mechanistically upstream of coagulation factor XI 

(FXI), as FXI and coagulation factor IX (FIX) deficiency cause mild and severe hemophilia, 

respectively, but coagulation factor XII (FXII) deficiency is asymptomatic. Clinically, congenital FXI 

deficiencies were reported to exhibit protection from ischemic stroke and exhibit a lower incidence of 

venous thromboembolism (VTE),[112,113] while elevated levels of FXI are an independent risk factor 

for VTE and ischemic stroke.[114,115]. Thus, inhibition of FXI activation by activated FXII(a) could 

help prevent thrombotic complications in settings where contact activation of the coagulation may be 

prevalent. 

Both FXI and FXII facilitate clot formation through auxiliary mechanisms besides the well-

established intrinsic or contact pathway (Section 1.3.2). For instance, FXIa is able to enhance thrombin 

generation independently of FXII when the extrinsic pathway of coagulation is initiated with small 

concentrations of TF.[116–118] More specifically, FXI can be feedback activated by thrombin and can 

also feedback to activate itself. Moreover, besides activating FIX, FXIa can directly activate FV and 

FVIII, weakly stimulate FX,[117,119,120] and inactivate tissue factor pathway inhibitor (TFPI), in 

vitro,[121] to promote thrombin generation. These alternative pathways may explain in part why mice 

lacking both FIX and FXI are more resistant to chemical injury-induced arterial thrombosis than mice 

deficient in FIX alone,[122] and why experimental thrombosis is reduced in mice lacking the contact 

pathway factors FXII, HK, PK, or FXI.[122] 

Sepsis is an infection-induced systemic inflammatory response syndrome that typically 

progresses to insufficient organ perfusion and death within hours to days when left untreated.[123,124] 

Thirteen percent of the intensive care unit patients end up developing sepsis and about a quarter of 

these patients die after being subjected to a whirlwind of interventional procedures.[125,126] Mostly 

supportive treatment is complicated by fulminant disseminated intravascular consumptive 

coagulopathy (DIC), a deadly complication of sepsis characterized by concomitant thrombotic 
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complications and bleeding due to thrombin generation amplification leading to platelet 

consumption.[127] In an attempt to both reduce pathologic thrombin generation and support the failing 

hemostatic system, patients are given transfusions of blood components combined with broad-

spectrum anticoagulants (such as heparin; Section 1.3.3), which target all modes of thrombin 

generation; yet, this approach has not shown benefit in clinical trials.[128,129] 

One of the therapies that was tried for sepsis was the recombinant form of activated protein C 

(APC). APC exerts its anticoagulant effects by proteolytically inactivating FVa and FVIIIa (Figure 

1.4, section 1.3.2). Thus, by inhibiting these co-factor functions, APC limits the efficiency of thrombin 

generation by both coagulation pathways.[49] APC is also a well-known cytoprotective and anti-

inflammatory protein and has been shown to stabilize endothelial cell junctions (section 1.5) important 

for maintenance of the blood-vessel barrier and to moderate levels of pro-inflammatory molecules 

such as histones.[48,130] APC showed promise in non-human primate models of sepsis where infusion 

of exogenous protein C was in the setting of E. coli infection.[131] In a double-blind clinical trial 

recombinant APC (Drotrecogin alfa or Xigris®) showed reduction in mortality with a slight increase in 

bleeding in patients with systemic inflammation and organ failure due to sepsis.[132] The potential of 

this trial led to the commercialization of APC by Eli Lilly and Company in 2001 under the brand name 

Xigris®. On October 25, 2011, Xigris® was withdrawn from the market due to the preliminary results 

of a large, multi-center clinical trial that demonstrated a lack of efficacy compared to placebo as well 

as an increased risk of bleeding.[133–135] One reason for the discrepancy between the initial clinical 

data and the PROWESS-SHOCK trial has been attributed to the reduced sepsis mortality due to better 

standards of care as well as poor inclusion selection by physicians. Nonetheless, systemic infusion of 

APC as a treatment for sepsis is no longer considered a clinically beneficial treatment strategy.  

Our group has shown that FXI-deficiency or inhibition of FXI activation by FXIIa decreases 

inflammatory responses and platelet consumption as well as improves survival of mice with certain 

experimental infections, or at the least did not adversely affect the course of disease progression in the 
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presence of certain bacterial species.[136,137] Meanwhile, a broad-spectrum anticoagulant warfarin 

and Xigris® were detrimental in similar models of sepsis. Thrombin generation and fibrin formation 

are important for pathogen clearance. Our group found that fibrinogen-deficient mice, mice engineered 

to express low levels of TF or wild-type mice treated with warfarin all displayed reduced survival, 

increased bacterial burden, and exacerbated hemorrhagic pathology following intranasal challenge 

with Yersinia pestis; FXI deficiency did not result in survival benefit in Y. pestis–induced plagueas 

compared to wild-type mice.[138]  

These and other findings are blurring the lines between the two classic coagulation pathways 

(Section 1.3.2) with FXI activation emerging as an important step for hemostasis and thrombosis, 

especially in the settings where blood gets exposed to foreign surfaces e.g. extracorporeal oxygenator 

networks. To further interrogate the FXIIa/FXIa axis in different settings, our group has developed a 

number of novel monoclonal antibodies (Figure 1.8).[139–141] 

 

Using these novel tools, we found that FXI activation by FXIIa plays an important role in local 

thrombus formation and platelet activation and consumption in the bloodstream distal to site of 

thrombus formation under shear flow (more on this in Chapter 4 and Chapter 5). Inhibition of FXI 

 

Figure 1.8 Feedback loops and potential therapeutic targets. 

5C12 is a FXIIa active site domain-neutralizing antibody; 14E11 blocks FXI activation by FXIIa; 1A6 blocks both FXI activation 

by FXIIa and FIX activation by FXIa; 10C9 is a FXIa active site domain-neutralizing antibody. 

© Jevgenia Zilberman-Rudenko 
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activation by FXIIa improves survival in mice with peritoneal sepsis or listeriosis[136] and prevents 

collagen-coated vascular graft occlusion in a non-human primate model of thrombosis.[142]  

Furthermore, recently a clinical study demonstrated that reducing FXI levels with an anti-sense 

oligonucleotide served as an effective anticoagulation regimen for preventing postoperative VTE,[143] 

and one of our antibodies (humanized 14E11 or Xisomab) has shown significant benefit in an 

established model of bacterial sepsis in non-human primates[144] as well as has been approved for a 

phase 1 clinical trial (ClinicalTrials.gov Identifier: NCT03097341) with the future goal of preventing 

VTE in dialysis population. Together, these findings suggest that FXI activation by FXIIa may be an 

efficacious and safe target of anticoagulation in specific settings.  
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1.4 Platelet biology overview 

Platelets are the second most abundant 

cells in the blood after red blood cells (RBCs; 

Section 1.2.1). Platelets serve an essential 

function in platelet plug formation during 

hemostasis. Platelets are discoid anucleate 

blood cells with a diameter of 2 to 4 µm, which 

makes them the smallest cells in found in the 

blood (Figure 1.9).[145]  

Platelets are produced in the bone marrow 

during the process of megakaryocyte 

fragmentation and platelet shedding into the 

bloodstream. During this process, 

megakaryocyte fragments (platelets) lose their 

nucleus but retain other megakaryocyte structures, such as mitochondria, Golgi, lysosomes, glycogen 

stores, granules and microtubules as well as a rich repertoire of RNA and transcription factors (Figure 

1.10).[146–148] In humans the blood concentration of platelets ranges from 150 to 350 × 109 cells/L 

and newly shed platelets remain in circulation for 5 to 9 days.[149]  

 

 
Figure 1.10 Platelet structure. 

Figure adapted from French, Blood 2013. © Jevgenia Zilberman-Rudenko 

 

 
Figure 1.9 Platelets in flowing blood. 

Top: Blood perfused through a ladder microfluidic network 

coated with collagen and platelet aggregates are visualized with 

differential interference contrast microscopy (Chapter 3).  

Bottom: Blood pretreated with PAR4 inhibitor (Section 1.5.2) 

and perfused past immobilized single-cell cancer (SW480) layer. 

Platelet aggregates are visualized with fluorescence microscopy. 

©Jevgenia Zilberman-Rudenko 
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1.4.1 Platelet adhesion, tethering and aggregation 

 

Upon vessel injury, exposed extracellular matrix (ECM) proteins, such as fibrillar collagen, 

trigger a series of events that lead to the formation of a hemostatic plug to staunch blood 

loss.[150,151] The process of hemostasis depends on platelets tethering to the ECM in the presence of 

shear, leading to platelet adhesion, rapid cellular activation by contact with ECM proteins and release 

of soluble agonists (more on this in section 1.4.2) and accumulation of additional platelets (Figure 

1.11).[152] ECM-bound von Willebrand factor (VWF) plays a critical role in initial platelet deposition 

via shear-dependent platelet receptor glycoprotein (GP)Ib binding to VWF.[153–155] Platelet receptor 

GPVI binds to collagen and mediates platelet activation via immunoreceptor tyrosine-based activation 

motif (ITAM) signaling within platelets leading to the release of secondary mediators and subsequent 

platelet aggregation. Upon platelet activation, platelets flip their membranes and expose P-selectin 

(CD62P) on their surface which, together with integrin αIIbβ3 and fibrinogen, promotes platelet 

aggregation.[156] 

 

Parts of section 1.5.1 was published in Platelets March 2017;28(5):449-456 

Permission is not required by the publisher for this type of use.  

 

Figure 1.11 Platelet adhesion and aggregation under shear flow. 

Upon vessel injury, VWF binds to exposed collagens in the ECM and platelets tether to and transiently interact with VWF via 

GPIb. Stable adhesion occurs when GPVI and α2β1 interact with collagen at the site of injury.  

Ruggeri, Nature Medicine 2002. Reprinted with permission. 
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The ability to conduct experiments under shear flow conditions allowed researchers to 

discriminate the roles of platelet receptors and proteins in the pathology of platelet dysfunction-related 

diseases, such as Bernard-Soulier syndrome (BSS). BSS is a bleeding diathesis disorder associated 

with a qualitative or quantitative deficiency in the platelet receptor GPIb, which binds VWF in a shear-

dependent manner and thus is required for the initial step of platelet recruitment from the bloodstream 

during hemostasis in arteries and arterioles.[157] As platelets are able to bind to ECM proteins, such as 

collagen and laminin, via integrins α2β1 and α6β1, respectively, and activate via the GPVI receptor 

under static conditions, the role of GPIb only became evident when experiments were performed under 

shear.[152,158,159] In particular, platelet recruitment to the endothelium was found to be mediated by 

the shear-dependent binding of the platelet receptor complex GPIb-IX-V with the A1 domain of VWF 

after VWF conformational activation.[155,160] 

VWF monomers are stored in Weibel-Palade bodies of endothelial cells and α-granules of 

platelets. VWF multimers are released upon cell activation by the serine protease thrombin, hormones 

or inflammatory cytokines.[161,162] Parallel-plate flow chamber studies showed that ultra-large 

multimer forms of VWF are efficiently processed and removed by the VWF-cleaving protease, 

ADAMTS13 (a disintegrin and metalloprotease thrombospondin type 1 motif, member 13), on 

cultured ECs under shear.[163,164] These studies provided a mechanism behind the thrombotic 

complications seen in patients with Thrombotic Thrombocytopenic Purpura (TTP), which is associated 

with conformational changes in ADAMTS13 and thus results in the persistence of ultra-large VWF 

multimers.[165] Imaging of activated VWF in endothelialized parallel-plate flow chamber studies, 

validated by studies in harvested vessels, is an example of the utility of microfluidic device 

technologies towards the development of non-invasive diagnostic approaches to assess disease states 

such as TTP.[166] Similar studies have revealed potential mechanisms of thrombotic complications in 

atherosclerosis, associated with platelet and EC activation and increased VWF expression.[167,168] 
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1.4.2 Soluble platelet agonists 

 

Formation of initial platelet membrane tethers via GPIb-VWF is a transient and reversible phase 

of platelet aggregation. Tethers provide close physical proximity between platelets which can facilitate 

global platelet activation via autocrine and paracrine stimulation with soluble agonists, a required 

seconds step for stabilization of platelet aggregates via calcium-dependent assembly of αIIbβ3 integrins 

(Figure 1.11 and Figure 1.12).[169] Notably, while each soluble agonist will be described separately, it 

is important to keep in mind that more often then not platelet stimulation occurs in a presence of a 

mixture of agonists with one frequently enhancing the other’s effect.[170]

   

Parts of 1.5.2 section was accepted for publication in Platelets 2018  

Permission is not required by the publisher for this type of use.  

 
Figure 1.12 Platelet agonists. 

Jacson and Schoenwaelder, Nature Reviews Drug Discovery 2003. Reprinted with permission. 
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Platelets become activated by serine proteases such as thrombin that cleave platelet protease-

activated receptors (PARs) and initiate intracellular signaling pathways (Figure 1.12). Human platelets 

express PAR1 and PAR4, G-protein coupled receptors (GPCRs) that are activated by proteolytic 

cleavage of an extracellular N-terminal site to reveal a tethered peptide ligand bearing the sequence 

SFLLRN.[171] Subsequently, the ligand binds the receptor itself and initiates intracellular G-protein 

signaling.[172,173] Murine platelets lack PAR1 and instead depend on signaling of PAR4 with PAR3 

acting as a co-factor, an important consideration for translating findings of in vivo mouse platelet 

research.[174,175] For in vitro experiments, a synthetic peptide comprising the SFLLRN sequence 

known as Thrombin Receptor Activating Peptide 6 (TRAP-6) is frequently utilized as a positive 

control.[176]  

In humans, PAR1 and PAR4 activation leads to intracellular signaling cascades causing release 

of calcium stores, secretion of dense and alpha granule contents (Table 1.5 and Figure 1.12), and 

platelet shape change, culminating in platelet activation and stable platelet aggregate formation.[177] 

Structural differences between PAR1 and PAR4 result in differing outputs in platelet function. PAR1 

contains a negatively-charged N-terminal sequence that binds the anion-binding exosite I of thrombin, 

which allosterically enhances thrombin’s activity and enables it to activate both PAR1 and PAR4 

while tethered to PAR1. PAR4 lacks this thrombin binding sequence, and higher concentrations of 

thrombin are required to activate PAR4 as compared to PAR1.[178,179]  

Thrombin binds PAR1 transiently, causing robust platelet activation that is carefully constrained 

by rapid phosphorylation, internalization and degradation of the receptor.[180] PAR4 is also 

internalized to terminate its activity, but this internalization occurs via a different route than that of 

PAR1, in a manner hypothesized to enable prolonged signaling.[181] These differences in PAR4 vs. 

PAR1 result in a response to thrombin that is slower but more sustained over time, with varying 

functional effects, including roles in enhancing clot stability and procoagulant microparticle release 

that suggest a more pronounced effect of platelet PAR4 activity in thrombus formation.[182,183]  
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Adenosine diphosphate (ADP) is an essential platelet GPCR agonist. Non-metabolic ADP is 

released by activated platelets (Table 1.5) and promotes activation and recruitment of additional 

platelets by activating P2Y12.[177] Thromboxane A2 (TXA2) is another GPCR agonist, produced by 

the conversion of arachidonic acid by cyclooxygenase and is released by activated platelets. TXA2 can 

be mimicked with a commercially available TXA2 analog (U46619). Epinephrine or adrenaline can 

also activate GPCR signaling in platelets in certain conditions. 

5-hydroxytryptamine (5-HT), also known as serotonin, is a hormone implicated in depression. 5-

HT has been shown to be a weak platelet aggregation on its own. 5-HT is released from activated 

platelets (Table 1.5) and supports platelet aggregation in the presence of thrombin, ADP or 

epinephrine.[184] Interestingly, cocaine has been shown to abrogate 5-HT reuptake leading to 

increased 5-HT levels and platelet aggregation, which may be in part responsible for cardiovascular 

complications in cocaine users.[185] 

 

1.4.3 Platelet secretion and platelet storage diseases 

Platelet secretion is an essential part of platelet function. Platelet releasate content can vary 

depending on the context of platelet activation and include a mixture from >300 distinct molecules 

(Table 1.5).[186] Platelets primarily contain two types of granules, dense and alpha (α), and majority 

of the content of granules is synthesized in megakaryocytes prior to platelet shedding. Some select 

molecules, e.g. coagulation factor V and fibrinogen, are packaged into platelets by endocytosis.[187] 

 

 

Dense granules Alpha granules 

Small molecules: 
Serotonin (5-HT),  
ADP,  
Polyphosphate 
 
 
 

 

Hemostatic factors: 
Coagulation Factor V,  
VWF,  
Fibrinogen 
 

Metalloproteases:  
MMP2,  
MMP9 

Angiogenic factors: 
Angiogenin,  
VEGF 
 
 

Anti-angiogenic factors: 
Angiostatin,  
Platelet factor 4 

Growth factors: PDGF,  
βFGF,  
SDF1α 
 
 

Cytokines:  
TNFα 
 

 

Table 1.5 Primary content of platelet granules.  

©Jevgenia Zilberman-Rudenko 
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Clinically, platelet granule defects, also known as platelet storage pool diseases, arise due to a 

number of mechanisms and range in severity.[188] A brief summary of these is included in Table 1.6. 

Many of the platelet storage defects have a similar phenotype and non-specific findings, making it 

difficult to properly diagnose. Usually, the official diagnosis of a storage platelet disease is rather 

extensive and requires a number of studies, including flow cytometry and platelet aggregation.[104] 

 

 

 

While efficacy can vary, patients with these disorders receive common treatments, such as 

tranexamic acid, desmopressin/DDAVP, FVIIa, and platelet transfusions.[104–106] Tranexamic acid 

is an antifibrinolytic that inhibits the activation of plasminogen to plasmin – an active enzyme that 

breaks down a fibrin mesh (Section 1.3.5).[103] Desmopressin/DDAVP induces release of VWF from 

endothelial stores.[189] Sometimes, bone marrow transplantations is considered for very severe 

defects.[190] 

 

  

Syndrome/Disorder Defect Bleeding Aggr. Defect Additional issues 
 

Hermansky-Pudlak Dense ++ / +++ Low 2nd wave Oculocutaneous albinism, eye defects 
 

Chediak-Higashi Dense ++ / +++ Low 2nd wave Partial albinism, ID, neurological 
 

Griscelli Dense none / + NA Partial albinism (hair), ID, neurological 
 

Gray platelet Alpha + / ++ 
Thrombin, 
collagen 

Myelofibrosis, empty granules 
 

Quebec platelet Alpha + / ++ Epinephrine Low granule content 
 

Arthrogryposis Alpha + ADP Renal, cholestasis, ichthyosis, infections 
 

X-linked thrombocytopenia Both Both Low -thalassemia, erythropoietic porphyria 
 

Wiskott-Aldrich Both ++ / +++ Low Eczema, ID, autoimmunity 
 

 

Table 1.6 Overview of platelet storage diseases. 

Data adapted from Sandrock and Zieger, Tranfusion and Hemotherapy 2010.  

Key: + - mild, ++ - moderate, +++ - severe. ID – immunodeficiency. ©Jevgenia Zilberman-Rudenko 
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1.4.4 Anti-platelet therapies 

There is a wide range of anti-platelet therapies that are currently used primarily for 

cardiovascular population. Aspirin irreversibly inhibits cyclooxygenase thus reducing TXA2 

synthesis.[191] Oral anti-platelet reagents such as ticlopidine (Ticlid), clopidogrel (Plavix) and 

prasugrel (Effient) inhibit ADP-induced expression of αIIbβ3.[192] Abciximab (ReoPro) inhibits 

αIIbβ3 directly. Cangrelor (Kengreal) is an intravenous drug of the same class as clopidogrel.  

A dual anti-platelet therapy, aspirin and clopidogrel, is frequently prescribed to patients who have 

undergone balloon angioplasty and drug-eluting stent placement post heart attack.[193,194] These oral 

therapies are easily administered by patients at home and are usually continued for at least six months 

post procedure. However, the clopidogrel effect only lasts for a short period of time and some patients 

have shown resistance to this therapy. A relatively new P2Y12 inhibitor, ticagrelor (Brilinta), has 

shown superior efficacy in preventing myocardial infarction (MI) in patients post post-coronary artery 

stenting as well as lower bleeding incidences as compared to clopidogrel.[195]   

  Previously abciximab was the gold standard therapy used during balloon angioplasty and stent 

placement procedure. However, data from the use clopidogrel and cangrelor has led many to question 

the efficacy, safety and need for abciximab during the procedure.[196–199] In a recent trial, abciximab 

has shown to increase the incidence of thrombocytopenia and need for transfusions over 

Clopidogrel.[199] Since then, the 2016 American College of Cardiology/American Heart Association 

task force on clinical practice has issued a guideline to avoid use of abciximab in patients adequately 

preloaded with clopidogrel-class therapy.[193] 

It should be noted that with use of any irreversible anti-platelet therapy it is important to 

remember that it will take about 5 to 9 days for the body to produced new platelets. The half-life of 

both aspirin and clopidogrel is about 1 full day. Thus, when stabilizing patients with traumatic injury 

to the head and a suspicion of a brain bleed, platelet transfusion may be considered.[200–202] 

  



53 

 

1.5 Vascular biology overview 

 

1.5.1 Endothelial cells overview 

The luminal surface of blood vessels is lined with a confluent monolayer of endothelial cells 

(ECs), which under normal conditions governs blood flow dynamics including providing a barrier 

between blood and tissue and regulating platelet aggregation and thrombin generation in the 

bloodstream.[203,204] In turn, blood components, primarily platelets (Section 1.4) and coagulation 

factors such as thrombin (Section 1.3), regulate EC barrier integrity. 

 

1.5.2 Types of endothelial cells 

During embryogenesis, elaborated network of vascular beds develop that serve similar yet 

distinct functions (Table 1.3). Thus it is reasonable to expect that adult EC phenotypes vary according 

to the local requirements placed on it by individual organs and vasculature function.[205] The field of 

regenerative medicine has been invested in finding ECs appropriate for prosthetic organ development 

and have identified a few cells types which may serve as appropriate progenitors for EC-based 

therapeutics.[206] For instance, blood-derived endothelial colony forming cells (ECFCs) can be 

purified from a peripheral blood sample and, in trained hands, have shown capacity for 

expansion.[207] 

In 1999 the common EC types used to study blood-endothelium interface were human umbilical 

vein ECs (HUVECs) and three immortalized EC lines (HMEC-1, ECV304 and EaHy926). All four 

express intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), E-

selectin, major histocompatibility complex (MHC) class I and MHC class II, CD40, CD95 (fas) and 

lymphocyte function associated antigen-3 (LFA-3). HUVECs, HMEC-1 and EaHy926 express cell 

Parts of Section 1.6 were published in Platelets March 2017;28(5):449-456  

Permission is not required by the publisher for this type of use.  
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adhesion molecule-1 (PECAM-1), while ECV304 is constitutively negative for PECAM-1. HUVECs 

are the most common type of ECs used in microfluidic studies. HUVECs are favored over 

immortalized endothelial cell lines as HUVECs were shown to appropriately express molecules upon 

stimulation with physiological cytokines, VCAM-1 and E-selectin in response to tumor necrosis 

factor-alpha (TNF-α) and MHC class II antigens in response to interferon-gamma (IFN-γ).[208]  

Several studies have shown that similarly to primary ECs isolated from the vasculature,[209] 

HUVECs respond to a gradient of wall shear stresses by changing their morphology,[210] 

alignment,[211,212] formation of cell-to-cell junctions,[213,214] and altering transcription 

profile.[215] Similar to Estrada et al.[216] and Urbaczek et al.,[217] in our hands (Section 9.3 and 

[218]), HUVECs cultured under shear arrived at a monolayer of ellipsoidal and aligned cells faster 

than HUVECs grown under static culturing conditions. Furthermore, HUVECs cultured under shear 

rearranged their cytoskeleton to transition from a cobblestone to an elongated formation similar to 

primary cells and promoted less adhesion to blood cells at baseline, in line with findings that this 

induced morphology of primary ECs reduced the inflammatory and immunogenic properties of ECs 

that are implicated in the development of atherosclerosis.[209] 

These published reports and science forum discussions suggest that HUVECs may be a suitable 

cell line to study blood-endothelium interface as long as the culturing passage number of the cells is 

low and preferably does not exceed 3 passages in an effort to retain the activity of EC regulatory 

pathways, such as production of nitric oxide. Since 1999, several other types of ECs, such as human 

abdominal aorta EC (HAAEC) and human umbilical artery ECs (HUAECs) have become 

commercially available; however, these do not seem to be as popular for microfluidic studies. 

 

1.5.3 Blood-endothelium interface under shear flow 

Under physiologic laminar flow conditions, the ECs that comprise a healthy vessel lumen prevent 

activation and aggregation of platelets in the bloodstream through membrane endonucleotidases 
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(CD39/ATPDase), which hydrolyze adenosine diphosphate (ADP) molecules released by activated 

platelets (Section 1.4.3), as well as by secreting prostacyclin (PGI2) and, perhaps the most effective 

platelet inhibitor, nitric oxide (NO; Table 1.7 and Figure 1.13).[219–223] Moreover, healthy 

endothelium efficiently inhibits generation of a potent platelet agonist, thrombin, through the catalysis 

of protein C to the anticoagulant serine protease, activated protein C (APC), in a thrombomodulin 

(TM)-dependent manner (Section 1.3.2).[224]  

 

 

The roles of the pro/anticoagulants produced by the endothelium have been studied in 

reductionist approaches through, for example, the addition of a NO donor, soluble TM and other 

reagents in microfluidic platforms in order to study their individual roles in maintaining vessel patency 

 
Figure 1.13 Blood-endothelium interface. 

Under laminar flow, healthy endothelial cells prevent platelet adhesion and aggregation by secreting soluble nitric oxide (NO) 

and prostacyclin (PGI2). The surface of the endothelium is covered by anti-adhesive layer of glycocalyx and expresses 

endonucleases (CD39), which hydrolyzes adenosine diphosphate (ADP), and thrombomodulin (TM), which promotes reduction 

of thrombin and an increase in antithrombotic activated protein C (APC), all of which serve to maintain platelets in their 

quiescent state. Upon vessel injury, platelets are rapidly recruited to subendothelial extracellular matrix (ECM) proteins via 

platelet glycoprotein (GP)Ib binding to the adhesive protein von Willebrand factor (VWF). Platelets are activated downstream of 

the collagen receptor GPVI leading to glycoprotein IIb/IIIa (GPIIb/IIIa)-dependent aggregate formation to prevent blood loss. 

Activated platelets release adenosine diphosphate (ADP) and thromboxane (TXA2) and provide a surface for thrombin 

generation, all of which feedback to promote secondary recruitment and activation of platelets from the bloodstream to form a 

hemostatic plug. Zilberman-Rudenko et al., Platelets 2017. Permission is not required by the publisher for this type of use. 
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and platelets in a quiescent state.[225–227] Under physiologic conditions, the surface of the 

endothelium is covered by a glycosamino-glycan-rich layer, termed the glycocalyx, which facilitates 

EC mechanotransduction and expression of NO in a shear stress-dependent manner. Moreover, the 

glycocalyx serves as an antiadhesive barrier between the healthy vessel and cells in the bloodstream, 

including platelets and leukocytes (Figure 1.13).[228–230] Loss of the glycocalyx has been implicated 

in acute and chronic diseases, such as sepsis, atherosclerosis and diabetes, and is associated with 

thrombo-hemorrhagic complications.[231] The composition of the glycocalyx is dependent upon the 

physical biology of the vessel microenvironment including the cross-sectional area and shear 

rate.[228,232]  

 

1.5.4 Endothelial damage and prothrombotic states 

The subendothelial compartment of the vessel is lined with extracellular matrix (ECM) proteins, 

such as collagen and laminin, which when exposed to the bloodstream upon injury to the EC layer or 

loss of homotypic EC intercellular gap junctions facilitates platelet recruitment, activation, aggregation 

and thrombin generation in a shear-dependent manner (Table 1.7).[233,234] Moreover, platelets can 

bind directly to activated ECs at sites of inflammation.[235] Under these conditions, activated ECs 

facilitate recruitment of platelets through the secretion of the adhesive protein von Willebrand factor 

(VWF), expression of tissue factor (TF), the initiator of the extrinsic cascade of coagulation (Section 

1.3.2), and increased expression of E- and P-selectin, which facilitates recruitment of leukocytes in a 

PSGL-1-dependent manner.[236,237]  

Thrombin acts as a direct activator of local EC signaling including promotion of platelet 

aggregation on the surface of the activated endothelium and activation of ADAM10 (A Disintegrin and 

metalloproteinase domain-containing protein 10)-dependent VE-cadherin proteolysis leading to 

endothelial cell dissociation and gap formation.[238,239] Disseminated loss of barrier and vascular 
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leak, a serious sequela of sepsis progression, leads to hypotension, hypoperfusion, tissue edema and 

multiorgan failure which are only temporarily attenuated with aggressive fluid resuscitation.[240,241]  

Inflammation, endothelial injury and presence of microbial molecules lead to thrombin 

generation which then feeds back to activate the contact coagulation pathway via activation of FXI, 

leading to the amplification of thrombin generation and widespread platelet activation (Table 

1.7).[44,242] The contact pathway can also be directly activated by the presence of negatively charged 

microbial molecules, such as polyphosphate (long-polyP), peptidoglycan (PGN) and endotoxin (LPS), 

which facilitate FXII autoactivation leading to activation of FXI,[243,244] and FXIa inhibition of 

endogenous EC anticoagulation mechanisms by cleaving tissue factor pathway inhibitor (TFPI), a 

reaction that is accelerated by the presence of platelet releasate to promote additional thrombin 

generation.[245,141,246] This potentially fatal spiral can progress to further endothelial damage, 

consumption of platelets and coagulation factors as well as ultimately multi-organ failure.  

Platelets and ECs exhibit an intimate relationship required to maintain vessel integrity. Platelet 

binding to the vessel wall results from the release and polymerization of VWF, decrease in the 

glycocalyx layer or following fibrin deposition on activated ECs.[35] Inflammation and exposure of 

the vasculature to oxidative stress, via reactive oxygen species (ROS), has been shown to decrease TM 

production[247–249] and CD39 activity,[250] promote assembly of hyperadhesive VWF[247,251] and 

thus increase the recruitment of platelets.[252] Tissue necrosis factor α (TNFα), a prevalent cytokine 

associated with sepsis, has been shown to directly promote EC activation, decrease barrier function 

and increase procoagulant TF expression.[253,254] 

Platelets have been shown to assist metastasis and the intravasation of tumor cells across the 

endothelial cell layer through the expression and secretion of lysyl oxidase (LOX) and matrix 

metalloproteinases (MMPs; Table 1.5 and Table 1.7).[255] Moreover, platelet granules contain an 

abundance of growth factors, such as VEGF and PDGF, which has been shown to promote tumor cell 

growth and angiogenesis in vitro and in vivo.[256–258] Furthermore, endothelial cell-bound platelets 
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have been shown to directly recruit circulating tumor cells, which may play a role of seeding of cancer 

cells in specific vascular beds.[258–261] 

 

Setting Endothelium Platelets 

Laminar 
flow, 
intact 
endothelial 
barrier 

Anti-adhesive layer, glycocalyx[228–232] 
CD39/ATPDase expression[219,222] 
Soluble antiplatelet molecules: nitric oxide (NO) 
and prostacyclin (PGI2)[220–222] 
Anticoagulants: thrombomodulin (TM) and 
activated protein C (APC)[224] 

Circulate as quiescent surveyors of the vessel 
wall[237] 

Endothelial 
barrier 
damage 

Exposure of extracellular membrane (ECM) 
proteins: collagen, laminin, etc.[233,234] 
Release of von Willebrand factor (VWF)[162] 

Adhesion to ECM proteins via GPIb and 
GPVI[152] 
Platelet activation and release of ADP and 
TxA2[223] 
Platelet aggregation via GPIIb/IIIa 
homodimers[152] 

Perturbed 
flow 

Development of gap-junction leak[262–264] 
Decrease in NO and PGI2 secretion[265] 
Release of VWF[162,266] 

Shear-induced platelet activation[266–268] 

Inflammation 
Sepsis 

TNFα-induced activation and TF surface 
expression[253,254] 
ROS-mediated hyperadhesive VWF 
assembly[247,251] and TM inactivation[247–249] 
CD39/ATPDase inactivation[250] 

ROS-induced platelet activation[252] 
Thrombin-induced platelet activation[224] 
Heterotypic platelet-leukocyte aggregate 
formation and adhesion to vessel wall[253] 

Tumor 
Metastasis 

Similar phenomena associated with inflammation  
+ Tumor cell-induced lysyl oxidase (LOX) and    
   matrix metalloproteinases (MMPs)  
   upregulation which facilitates  
   intravasation[255] 

Binding and protection of circulating tumor 
cells (CTCs)[260,261] 
Release of PDGF and VEGF[258] 

 

 

Table 1.7 The effect of the physical biology of blood flow on the endothelium and platelets. 

Zilberman-Rudenko et al., Platelets 2017. Permission is not required by the publisher for this type of use. 
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1.5.5 Utility of endothelialized microfluidic platform development 

The biophysical properties of blood flow play a key role in regulating the distribution of blood 

cells within the bloodstream,[237] maintenance of EC layer barrier integrity[262,263] and EC gene 

and protein expression profiles.[265] Platelet interactions with ECs and other cells in the vasculature 

are profoundly altered by blood flow dynamics (Section 1.4.1 and Table 1.7).[158,269,270] Thus, 

perfusable endothelialized microfluidic models hold potential for dynamic studies of the platelet-

endothelium interface in health and disease states including evaluation of the efficacy and safety of 

pharmacological agents designed to treat or prevent cardiovascular diseases.  

Our future work includes development and utilization of novel PDMS-based endothelialized 

microfluidic systems. In Chapter 9.3 we discuss results and directions of this ongoing effort which 

includes utilization of existing and production of new devices. 
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1.6 Thesis Overview  

 In this thesis, we examine broad as well as applied concepts of blood reaction dynamics under 

shear flow. The formation of a hemostatic plug to staunch blood loss at sites of vascular injury relies 

on the dynamical processes of platelet recruitment and activation of the coagulation cascade in the 

setting of the biorheology of blood flow.[5,6,271] Thus, elucidation of the molecular mechanisms of 

thrombus formation rely on the use of engineering principles to design platforms to study complex 

enzymatic reactions and cell biology under physiologically relevant shear flow conditions. The focus 

of this dissertation work was the development of microfluidic platforms to study and assess the 

dynamics of blood reactions in health and disease.  

 The field of blood biorheology science is a complex fusion of cell and molecular biology, 

biochemistry, engineering, fluid mechanics, material science and physics.[272–274] With the advent 

of new materials, fabrication processes and computation modeling approaches, microfluidic studies 

have expanded to tackling complex concepts of blood flow dynamics and its effects on coagulation 

processes and platelet function. In Chapter 3, we describe our work looking at the effect of specific 

microfluidic network geometry on dynamics of thrombus formation and evolution as pertinent to the 

design of microfluidic networks for exchange membrane geometry in extracorporeal oxygenator. In  

Chapter 4, we describe the development and utility of a novel flow setup to study the implications of 

local thrombus formation on distal platelet activation in different biorheological settings. 

Coagulation FXII is an abundant protein in plasma, deficiency of which is clinically 

asymptomatic. FXII is activated in the presence of negatively charged proteins and activates FXI as 

part of the contact coagulation pathway leading to thrombin generation. FXI is furthermore activated 

by thrombin promoting thrombin generation amplification and, furthermore, activated FXI alters 

natural anticoagulation by proteolyzing tissue factor pathway inhibitor (TFPI). In Chapter 5, we use an 

ex vivo flow setup described in Chapter 4 and an in vivo model of non-human primate thrombosis to 

study the role of FXI activation by FXIIa and FXIa activity in platelet activation and consumption in 
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the bloodstream. Results of this study and our previous findings of FXI-deficiency being protective in 

thromboembolic complications in sepsis have prompted studies described in Chapter 6, where we 

again utilize of ex vivo and in vivo study approaches and platforms to interrogate potential therapeutic 

targets for finding a balance between hemostasis and thrombosis. 

 The ultimate goal of the efforts described within this dissertation is the development of clinically 

useful tools to assess blood reaction dynamics and identify druggable targets. The nature of this type of 

work in reality requires development of skills to interact with physicians, patients, hospital staff as 

well as manufacturing companies to properly design as well as develop products that would add value 

to medical practice. In the last two chapters of this dissertation, we describe collaborative work with 

clinical staff and manufacturing companies, where we apply lessons learned in the work described 

above to clinically relevant questions. In Chapter 7 we assess whether the mode of transport of platelet 

concentrate units within a hospital affects their function, which is of relevance to their use in 

transfusion medicine. In Chapter 8 we describe the development and a potential utility of a point-of-

care microfluidic platform for whole blood analysis. 

 Chapter 9 contains discussion (section 9.1) of the limitations and conclusions of the work 

contained in this dissertation as well as the future directions (sections 9.2 - 9.3). In section 9.2, we 

describe our ongoing studies looking at novel pro-coagulant molecules such as skeletal and cardiac 

muscle myosin. In section 9.3, we describe development and utility of endothelialized microfluidic 

platforms to combine the study of platelet recruitment and activation of the coagulation cascade in the 

physiological context of vascular cells and shear. 
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 General Materials and Methods 

2.1 Ethical Considerations 

 All procedures performed in studies involving human participants were in accordance with the 

ethical standards of the institutional and/or national research committee and with the 1964 Helsinki 

declaration and its later amendments or comparable ethical standards. For all studies utilizing human 

blood, consent was obtained from healthy volunteers in accordance with an Oregon Health & Science 

University (OHSU) Internal Review Board (IRB)-approved protocol. No demographic data was 

collected on volunteers. 

For studies with baboons (Papio anubis), the animals were housed and cared for at either the 

OHSU Oregon National Primate Research Center (ONPRC), a Category I facility and all experiments 

were approved by the OHSU West Campus Animal Care and Use Committee according to the Guide 

for the Care and Use of Laboratory Animals by the Committee on Care and Use of Laboratory 

Animals of the Institute of Laboratory Animal Resources, National Research Council (ISBN 0-309-

05377-3, 1996). The Laboratory Animal Care and Use Program at the ONPRC is fully accredited by 

the Accreditation of Laboratory Animal Care (AAALAC) and has an approved assurance (no. A3304-

01) for the care and use of animals from the Office for Protection from Research Risks at the National 

Institutes of Health. 

 For studies with mice, the animals were housed and cared for at the Case Western Reserve 

University (CWRU) Animal Resource Center (ARC), a Category I the American Association for 

AAALAC accredited facility. The CWRU ARC includes integrated a biohazard level 2/3 suite, high 

level rodent barrier, imaging suite, quarantine facilities, specific pathogen free and athymic rodent 

housing areas. All experiments were approved by the Case Western Institutional Animal Care and Use 

Committee (IACUC) according to the Guide for the Care and Use of Laboratory Animals by the 

Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, 

National Research Council (ISBN 0-309-05377-3, 1996).  
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2.2 Common reagents 

Agonists and Proteins 

 Cross-linked collagen-related protein/CRP-XL was purchased from University of Cambridge 

(Cambridge, England). Thromboxane A2 analog/U46619 and PAR-1 agonist/TRAP6 were from Tocris 

(Bristol, England). Epinephrine and fibrillar collagen were from Chrono-Log (Havertown, PA). 

Human VWF was from Haematologic Technologies, Inc (Essex Junction, VT). Fibrinogen was 

purchased from Enzyme Research Laboratories (South Bend, IN). Lipidated tissue factor (TF; 

Innovin® PT reagent) was purchased from Siemens (Munich, Germany). Ellagic acid (aPTT reagent) 

was purchased from Thermo Fisher (Waltham, MA). Polyphosphate molecules of the size produced by 

bacteria (long-chain polyP, >595 phosphate units in length) were prepared as described.[275] 

 

Inhibitors and Function-blocking Antibodies 

 Anti-factor XI function-blocking antibodies (1A6 and 14E11), factor XIa (10C9) and factor XIIa 

blocking antibodies (5C12) were generated as described.[139–141] Corn trypsin inhibitor (CTI) was 

purchased from Enzyme Research Laboratories (South Bend, IN). Hirudin was purchased from 

Hyphen Biomed (Neuville-sur-Oise, France). Phe-Pro-Arg-chloromethylketone (PPACK) was 

purchased from Santa Cruz (Dallas, TX). Recombinant polyP-binding domain from Escherichia coli 

polyphosphatase (PPXbd) was produced as described.[276] 

 

Detection agents 

 Rabbit anti-fibrinogen antibody was from Cappel MP Biomedicals, LLC, anti-rabbit-AF350 from 

Life technologies (Carlsbad CA). Anti-CD41-PE, anti-CD62P-APC and CytofixBD were from BD 

Pharmingen (Franklin Lakes, NJ). Anti-CD31-eFluor450 was from eBioscience (San Diego, CA). 

Anti-thrombin API (H-85), rabbit anti-human anti-VWF primary antibody and goat anti-human anti-

Vinculin primary antibodies were purchased from Santa Cruz (Dallas, TX). Anti-integrin αIIb from 
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Abnova (Taipei, Taiwan). Mouse anti-human anti-GPIb/AK2 primary antibody was from GeneTex 

(Irvine, CA) and anti-mouse IgG -AF640 secondary was from Invitrogen (Carlsbad, CA). FXIIa 

chromogenic substrate S-2302 was purchased from Diapharma (West Chester, OH). SuperSignal West 

Dura Substrate was from Thermo Scientific (Waltham, MA). 

All other reagents were from Sigma-Aldrich, Inc. or previously named sources.[245,277] 

 

2.3 Collection and utilization of human blood 

2.3.1 Blood collection 

 Venous whole blood was obtained from healthy volunteers in accordance with an Oregon Health 

& Science University (OHSU) Internal Review Board (IRB)-approved protocol. After sterilization of 

the decubitus field, blood was obtained by venipuncture with a 19G butterfly needle and manually 

drawn into either an empty syringe or a syringe with an appropriate anticoagulant. 

 

2.3.2 Platelet-rich and platelet-poor plasma preparation 

 Venous whole human blood was drawn into trisodium citrate (0.38% w/v). To isolate RBCs, 

whole blood was spun down at 1600 rpm for 10 minutes at RT in a Hermle Z300 centrifuge outfitted 

with rotor 221.12 V01 (Labnet, Edison, NJ). After the first spin, platelet rich plasma (PRP) was 

transferred into a new tube and, when appropriate, PRP was spun down again at 2500 rpm for 10 

minutes to isolate platelet poor plasma (PPP). 

 

2.3.3 Washed platelet preparation 

 For washed platelet preparation, blood was drawn into 3.8% trisodium citrate 9:1 (v:v), and acid-

citrate dextrose (ACD) was added at 1:10 (v:v). Platelet-rich plasma (PRP) was isolated by 

centrifugation at 200 g for 20 minutes, and platelets were separated from PRP at 1000 g for 10 minutes 

in the presence of prostacyclin (0.1 μg/ml). Platelets were resuspended in modified HEPES/Tyrode 
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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), washed by centrifugation at 1000 g for 10 minutes, 

and resuspended again in modified HEPES/Tyrode buffer to the specified platelet count. 

All blood products were used within 2 hours of the blood draw. 

 

2.4 Closed system assays 

2.4.1 Clotting assays 

The activated partial thromboplastin time (aPTT) of human plasma were measured with a Trinity 

AMAX200 coagulation analyzer (Trinity Biotech, Bray, Ireland). Pooled human plasma was pretreated 

at 37˚C for 10 min with 1A6, 14E11 or rivaroxaban, followed by incubation with aPTT reagent for 3 

min at 37˚C. Coagulation was then initiated by the addition of CaCl2 (8.3 mM final), and clotting times 

were recorded. 

 

2.4.2 Lipid vesicles 

Small unilamellar vesicles of phosphatidylcholine/phosphatidylserine (80% PC : 20% PS w/w) or 

(60% PC : 20% PS : 20% PE w/w) in 150 mM NaCl, 50 mM Tris, pH 7.4, Tris buffered saline (TBS) 

were prepared by sonication under a flow of nitrogen using a microtip sonicator. 

 

2.4.3 Thrombin generation assay in fresh whole blood, PRP and PPP 

Plasma thrombin generation assays were performed as described[278,279] with some minor 

modifications. Freshly prepared whole blood (80 μL) or PRP and PPP from the same individual donor 

who provided whole blood (30 μl) was incubated with various concentration of myosin for 10 min at 

37°C. Then, fluorogenic thrombin substrate solution (I-1140) with either tissue factor (Innovin, final 

0.5 pM) containing 30 mM CaCl2 or 30 mM CaCl2 alone was added to the reaction mixture (total 110 

μl) to initiate coagulation. Thrombin generation was followed continuously for 25 min using 
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SPECTRAmax GEMINI XS fluorometer (Molecular Devices, Sunnyvale, CA) with excitation and 

emission wavelengths set at 360 and 460 nm, respectively. The first derivative of fluorescence versus 

time was used to produce thrombin generation curves with the correction for substrate consumption 

and inner filter effect.[278,279] Results also included determination of lag time in minutes defined as 

the interval from the addition of substrate and CaCl2 until the formation of 1 nM of thrombin and of 

area under the curve (AUC) defined as the sum of thrombin generated from 1 to 25 min (nM·min).  

Once-thawed pooled normal human (George King Bio Medical Inc., Overland Park, KS) (30 μl) were 

also tested for the plasma thrombin generation assay in the presence or absence of 4 µM PC/PS (80% : 

20%) vesicles. 

 

2.4.4 Activation of prothrombin by prothrombinase complex  

Cardiac myosin or skeletal muscle myosin were incubated with factor Va (5 nM, final) and factor Xa 

(0.2 nM, final) in TBS containing 0.5% BSA (TBSA) with 5 mM CaCl2. Thrombin generation was 

initiated by the addition of prothrombin (0.75 µM, final, unless noted otherwise). The reaction was 

quenched by 10 mM EDTA, and the rate of thrombin formation was quantified by measuring thrombin 

concentration as the rate of substrate (Pefachrome TH) hydrolysis. In separate experiments, des-GLA-

domain (DG)-factor Xa was used in place of factor Xa following the same protocols. 

 

2.4.5 Plasma clot lysis 

Clot lysis was studied in a plasma system in which tPA-mediated fibrinolysis of a thrombin-induced 

clot is measured using turbidity as described earlier.[280,281] In short, a mixture of 100 µL of 

thrombin (5 nM, unless otherwise noted), calcium (17 mM, resulting in a free calcium concentration of 

2.3 mM), phospholipid vesicles (60% PC : 20% PS : 20% PE; final concentration 10 µM) and tPA 

(100 ng/mL, unless otherwise noted) diluted with Hepes saline buffer (25 mM Hepes, 137 mM NaCl, 3 

mM KCl, pH 7.4) 0.1% BSA was added to 100 µL citrated normal human pooled plasma, which was 
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pre-incubated for 30 min at 37°C in the presence of either control buffer (50 nM Tris, 600 mM NaCl) 

or myosin protein suspension in 50 nM Tris, 600 mM NaCl. After mixing, 100 µL of the reaction 

mixture was pipetted in a microtiter plate and then incubated at 37°C during which turbidity was 

measured over time at 405 nm in a Spectramax 340 kinetic microtiter plate reader (Molecular Devices 

Corporation, Menlo Park, CA, USA). The clot lysis time (t1/2) was defined as the time between the 

maximum turbidity and the midpoint of the maximum turbid-to-clear transition that characterizes the 

lysis of fibrin determined using an in house Lysis Analysis software developed by van de Poel et 

al.[282] 

 

2.5 Open system assays 

 

2.5.1 Ex vivo flow experiments 

Glass capillary tubes/chambers (0.2×2×200 mm; VitroCom) were coated as described 

previously.[283] Surfaces were blocked with 5 mg/mL denatured bovine serum albumin (BSA) for 1 h 

prior to assembly into a flow system as shown in Figure 5.2A. Sodium citrate (0.38% w/v) 

anticoagulated whole blood was recalcified and perfused through the chamber for 10 min at an initial 

wall shear rate (300 or 1000 s-1).  

 

2.5.2 Microscopy 

After blood perfusion, glass capillaries were washed with phosphate-buffered saline (PBS) and 

Hepes/Tyrode buffer (136 mM NaCl, 2.7 mM KCl, 10 mM Hepes, 2 mM MgCl2,  0.1% BSA; pH7.4) 

containing 1.5% sodium citrate and 100 µM PPACK, followed by incubation with blocking buffer (1% 

BSA, 1% FCS in Hepes/Tyrode buffer) for 30 min. Glass capillaries were incubated with rabbit anti-

serum against human fibrinogen (1:100) for 10 min and washed with PBS followed by an incubation 

with CD41-PE (1:50), CD62-FITC (1:50), and goat anti-rabbit Alexa Fluor 350 (1:500) in dark for 10 
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min.  Glass capillaries were washed with PBS, fixed with paraformaldehyde (PFA 4%), and sealed 

with mounting media. Samples were analyzed on a Zeiss Axio Imager 2 microscope 6 (Carl Zeiss 

MicroImaging GmbH, Germany). 

 

2.5.3 Western blots 

Thrombi formed on collagen/TF were lysed for 5 min with 1× lysis buffer (10 mM Tris, 150 mM  

NaCl, 1 mM EGTA, 1 mM EDTA, 1% NP-40, 2 mM PMSF and 10 U DNAse I) at 4oC, followed by 

treatment with 1 μM plasmin for 40 min at RT. Local fibrin deposition was evaluated by separating 

combined eluate samples on non-reducing SDS–PAGE gels, transferring to PVDF membrane and 

immunoblotting with rabbit anti-fibrinogen followed by anti-rabbit-HRP. Local platelet deposition and 

thrombin content was similarly evaluated by separating combined eluate samples on separate reducing 

SDS–PAGE gels and immunoblotting for CD41 or thrombin. Proteins were detected using ECL. 

 

2.5.4 Capture of samples downstream from thrombus formation under shear flow  

Flow chamber were coated as in Section 2.5.1 and integrated into flow system, Downstream samples 

were collected directly into 100 µM PPACK and 1.5% w/v sodium citrate (1 tube/min of perfusion) to 

final 50% dilution and evaluated using fluorescence-activated cell sorting (FACS). The initial shear 

rates were set by Harvard Apparatus PHD 2000 pump. Top loaded pump-driven syringes were 

connected to wells with blood via rubber washers which would disengage from the well upon pressure 

built up. 

 

2.5.5 Fluorescence-activated cell sorting (FACS) of distal events 

Pre- and post-chamber blood samples were collected into 100 µM PPACK and 1.5% w/v Na-

citrate (1:1, v:v) and incubated with 1:50 dilution antibodies for 30 min at RT. Reactions were fixed by 

diluting 1:10 with RT 12.5% CytofixBD. 10,000 single platelets were determined by a PE-conjugated 
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platelet marker CD41a and the characteristic forward and side-scatter scatter patterns via FACS (Canto 

II; BD Biosciences, Heidelberg, Germany). Platelet CD62P expression levels and single platelet 

consumption were determined as previously described.[284] Microaggregate formation was 

determined by the upshift in fluorescence intensity in CD31/CD41a double-positive events. 

 

2.6 In vivo studies 

2.6.1 Non-human primate model of thrombosis 

Twenty four nonterminal studies were performed using twelve male baboons (Papio anubis, 9-11 

kg). All studies were approved by the Institutional Animal Care and Use Committee of Oregon Health 

& Science University. Thrombosis experiments were conducted as previously described.[285,286] 

Briefly, a prosthetic vascular graft segments (4 mm internal diameter x 20 mm length, expanded-

polytetrafluoroethylene; W. L. Gore & Associates, Flagstaff, AZ) coated with either collagen or BSA 

as control were acutely introduced into chronic femoral arteriovenous shunts as shown in Fig.6A, and 

exposed to blood flow. The flow rate through the graft was restricted to 100 mL/min (measured by the 

Transonics Systems flow meter, Ithaca, NY) by clamping the proximal shunt segment, thereby 

producing initial mean wall-shear rates of 265 s−1. Local thrombus formation was assessed in real time 

with quantitative gamma camera imaging of radiolabeled platelet accumulation within the graft 

segment. 

 

2.6.2 Assessment of distal platelet consumption in an in vivo thrombosis model 

Samples were collected distal to the graft from the bloodstream adjacent to the vessel wall 

(intraluminal boundary layer) into 3.8% w/v Na-citrate (1:9, v:v) before graft deployment (0 min), and 

then at 10 and 20 minutes. Blood was collected at a rate of 100 μL/min during 10-minute intervals 

through a 0.64-mm id port located 10 mm distal to the graft as shown in Fig.6A. To maintain patency 

of the sampling port, PPACK (1 mM), which inhibits thrombin and other coagulation proteases,[287] 
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was infused at a rate of 20 μL/min into a second 0.64-mm id port located 3 mm proximal to and in line 

with the collection port. Anticoagulant infusion and local blood sampling were regulated using syringe 

pumps (Harvard Apparatus, Holliston, MA). Platelet counts were determined using a micro-60 

automated cell counter (Horiba ABX Diagnostics, Montpellier, France). 

 

2.6.3 Non-human primate model of sepsis 

Papio anubis baboons were dosed with a single 1 mg/kg intravenous bolus injection of anti-FXI 

antibody h14E11, 30 min before challenge. A lethal dose (1–2 × 1010 cfu/kg) of S. aureus (strain 

B17266 Rosenbach, ATCC #49496) in 1.5 mL/kg sterile saline solution was infused intravenously 

over 2 hours (from T0 to T120 min). Blood samples were obtained at 0, 2, 4, 6 and 8 hours. Platelet 

levels were determined using a VetScan HM5 Hematology Analyzer (Abaxis). Whole blood samples 

were spun down to isolate plasma and plasma levels of fibrinogen levels were measured using a 

functional clotting assay developed by Clauss et al.[288] 

 

2.6.4 Mouse model of lethal pulmonary embolism 

Knockout (KO) mice were produced as described previously. In short, a B6/129 background was 

backcrossed 4 generations into C57BL/6 background.[289] These animals were mated with wild-type 

(WT) mice (C57BL/6, Jackson Laboratories) to make heterozygous animals and were re-derived into 

Klkb1-/-. Klkb1-/- mice and littermate WT colonies were maintained by brother/sister mating. Every 10 

generations, the Klkb1-/- mice are mated with C57BL/6J to re-derive KOs from the heterozygous mice. 

The genotyping of Klkb1-/- mice was determined as described previously.[289] FXII-/- mice (deficient 

in coagulation factor XII) in a C57BL/6J background were generously provided by Dr. Frank 

Castellino of the University of Notre Dame. Animal care and procedures were reviewed and approved 

by the Institutional Animal Care and Use Committees at Case Western Reserve University (CWRU) 

and performed in accordance with the guidelines of the American Association for Accreditation of 
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Laboratory Animal Care and the National Institutes of Health. Lung tissues were harvested, processed 

and stained with haematoxylin and eosin (H&E) stain to facilitate histopathologic studies. Images were 

obtained from a Leica SCN 400 Slide Scanner equipped with a Hamamatsu line sensor color camera 

and a 340/0.65 objective lens. The images were made through a 32 tube lens at 340 final 

magnification. Number of vessel occlusions quantified from H&E staining. Vessel occlusions per 

visual field were counted at 340. 
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 Dynamics of blood flow and thrombus formation in a multi-bypass microfluidic 

ladder network 

Jevgenia Zilberman-Rudenko, Joanna L. Sylman, Hari H. S. Lakshmanan,  

Owen J. T. McCarty and Jeevan Maddala 

 

3.1 Abstract  

 The reaction dynamics of a complex mixture of cells and proteins, such as blood, in branched 

circulatory networks within the human microvasculature or extravascular therapeutic devices such as 

extracorporeal oxygenation machine (ECMO) remains ill-defined. In this report we utilize a multi-

bypass microfluidics ladder network design with dimensions mimicking venules to study patterns of 

blood platelet aggregation and fibrin formation under complex shear. Complex blood fluid dynamics 

within multi-bypass networks under flow were modeled using COMSOL. Red blood cells and platelets 

were assumed to be non-interacting spherical particles transported by the bulk fluid flow, and 

convection of the activated coagulation factor II, thrombin, was assumed to be governed by mass 

transfer. This model served as the basis for predicting formation of local shear rate gradients, 

stagnation points and recirculation zones as dictated by the bypass geometry. Based on the insights 

from these models, we were able to predict the patterns of blood clot formation at specific locations in 

the device. Our experimental data was then used to adjust the model to account for the dynamical 

presence of thrombus formation in the biorheology of blood flow. The model predictions were then 

compared to results from experiments using recalcified whole human blood. Microfluidic devices were 

This work was originally published by the Biomedical Engineering Society, 

Cellular and Molecular Biomedical Engineering, 2017;10(1): 16-29.                                           

with Editorial by Scott L. Diamond[290] 

Permission is not required by the publisher for this type of use. 
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coated with the extracellular matrix protein, fibrillar collagen, and the initiator of the extrinsic pathway 

of coagulation, tissue factor. Blood was perfused through the devices at a flow rate of 2 µL/min, 

translating to physiologically relevant initial shear rates of 300 and 700 s-1 for main channels and 

bypasses, respectively. Using fluorescent and light microscopy, we observed distinct flow and 

thrombus formation patterns near channel intersections at bypass points, within recirculation zones and 

at stagnation points. Findings from this proof-of-principle ladder network model suggest a specific 

correlation between microvascular geometry and thrombus formation dynamics under shear. This 

model holds potential for use as an integrative approach to identify regions susceptible to intravascular 

thrombus formation within the microvasculature as well as extravascular devices such as ECMO. 

 

3.2 Introduction  

 Use of hemodialyzers and extracorporeal membrane oxygenators improves patient survival and 

are therefore frequently used to maintain patients with kidney failure and/or acute respiratory distress 

syndrome despite significant thrombotic risks. These devices rely on evolving networks of exchange 

membranes [291,292] to promote efficient reagent exchange while reducing aberrant blood flow 

dynamics within complex geometries.[22,293] Studies in this chapter were designed to assess the 

kinetics of blood flow and thrombus formation within a specific multi-bypass channel network 

geometry in order to understand the role of specific flow patterns and geometry on blood cell transport 

and enzymatic coagulation dynamics in open (as supposed to closed) test systems.[6,294] In this 

chapter, we apply theory of biorheology and particle transport in fluids and utilize an integrated 

computational and experimental approach to predict and validate the role of microfluidic network 

geometry (and evolution of it in the presence of a thrombus formation) on thrombus nucleation and 

propagation. The findings and approach described herein provide a basis for rational exchange 

membrane microfluidic network design validation and improvement. 
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3.3 Background 

 Microfluidic flow chambers are powerful research tools as they require small amounts of blood 

samples to allow for investigation of blood cell-cell and cell-matrix interactions and thrombus 

formation under the dynamics of physiologically relevant levels of shear. Currently, the majority of 

microfluidic platforms used to assess thrombus formation rely on the coating of a single channel with 

extracellular matrix proteins, such as collagen, tissue factor (TF), or von Willebrand factor (VWF), to 

mimic a site of vascular injury.[272,294] These platforms have proven to be useful for the study of the 

biophysical and molecular mechanisms of thrombus growth at a fixed shear rate. Further, their utility 

has been demonstrated in studying complex shear-dependent interactions between platelets and 

vascular wall and diagnosing clotting disorders, such as VWF disease.[295,296] However, a single 

channel system fails to capture the complexities of branched vessel networks prevalent throughout the 

human circulatory system, or that exist in extravascular therapeutic device designs. In this report, we 

use a computational model to predict thrombus formation patterns within a multi-bypass network of 

channels. Our predictions were then tested experimentally following perfusion of recalcified human 

blood through the microfluidic device. 

 Within multi-bypass microfluidic geometries, whole blood is subject to complex flow dynamics. 

The presence of junctions and bifurcations in vascular networks can result in skewed velocity profiles, 

flow separation and secondary flows, attributed to sudden directional and dimensional changes within 

the channel network.[297,298] Subsequently, low flow regions develop, which allow for the 

accumulation of blood cells and accumulation of procoagulant proteases.[299] Moreover, blood 

leukocytes have been shown to preferentially adhere to surfaces downstream of channel bifurcations in 

vitro and in vivo.[300] Other flow disturbances imparted by complex geometries include stagnation 

points and fluid acceleration and deceleration, both of which have been associated with increased 

thrombus formation.[266,301] 
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 The kinetics of thrombus formation within a multi-bypass channel geometry evolves over time as 

the blood flow is diverted due to the formation of an occlusive clot within the channel. Microvascular 

stenosis leads to a temporal increase in local shear rates, whereas occlusive thrombus formation leads 

to dramatic decreases in shear and local areas of blood stasis. Platelet adhesion and thrombin 

generation have been shown to increase within low shear zones at the downstream face of a forming 

thrombi.[301,302] Moreover, endothelial cells change their morphology and switch from an 

anticoagulant to a procoagulant phenotype within poststenotic zones, providing further evidence that 

the biorheology of blood flow is intimately related to the maintenance of blood vessel 

patency.[266,303]  

 Thrombus formation within a vessel network architecture can alter the distribution of blood cells 

within the bloodstream. In laminar blood flow, blood cells are distributed radially with platelets 

marginated to the outer vessel wall and red blood cells (RBCs) preferentially comprising the inner 

core.[304–307] Shear rate has been shown to have a direct effect on blood viscosity due to an increase 

in RBC-RBC interactions, mediated by fibrinogen, occurring at shear rates below 100 s-1.[308] In 

select regions of the branching vasculature, multiple and altered layers of RBCs and platelets have 

been observed to transiently divide the blood into relatively hemoconcentrated and hemodiluted 

streams, a phenomena know as plasma skimming.[309] For instance, organs containing microvessel 

channel networks, such as the spleen, placenta or the bone marrow exhibit high levels of plasma 

skimming,[310] which has been implicated to play a role in venous thrombosis in these vascular 

beds.[311,312] 

 This report describes a finite element simulation model of the biorheology of thrombus formation 

patterns within a multi-bypass microfluidic ladder network, which is subsequently validated with 

primary experiments using whole human blood. Our model predicts thrombus nucleation points at 

select regions of bifurcations, stagnation and recirculation based on velocity, shear rate and cell 

distribution profiles. Our model takes into account the effect of thrombus growth and thrombin 
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generation on blood flow within the ladder network. Overall, we demonstrate an integrated 

computational and experimental approach aimed to predict areas of thrombus formation within a 

branched microvascular geometry. 

 

3.4 Materials and Methods 

3.4.1 Reagents  

 Dade® Innovin® was purchased from Siemens. All other materials were purchased from Sigma-

Aldrich or previously cited sources.[313] Hepes-Tyrode buffer (129 mM NaCl, 20 mM HEPES, 12 

mM NaHCO3, 2.9 mM KCl, 1 mM MgCl2, 0.34 mM Na2HPO4·12H2O; pH7.3) was modified with 

0.045 g of glucose per 50 mL of buffer the day of experiment and kept in the 30°C bath until use. 

3.4.2 Fabrication of mask and microfluidic device 

 The microfluidic ladder network was designed in AutoCAD to emulate the physiological 

parameters of postcapillary venules. The network was designed to consist of two sets of inlets and 

outlets entering two main channels (100 µm wide by 100 µm high) interconnected with ten equally 

spaced bypass channels (50 µm wide by 100 µm high); the first four bypasses are shown in Figure 

3.1A. Paired contralateral inlets and outlets were stoppered and reopened at select iterations to achieve 

directional blood flow, originating from channel 1 and exiting from channel 2, while buffer was 

perfused from channel 2 to channel 1.  

The mask was fabricated using standard photolithography and soft lithography techniques.[314,315] 

Our design was molded using a 10:1 ratio (w/w) of Sylgard® 184 polydimethylsiloxane (PDMS) 

polymer to curing agent. A BD-20AC Corona Treater (Electro-Technic products, Inc) was used to 

plasma bond PDMS molds onto microscopy slides. The final devices were assembled into the flow 

system as shown in Figure 3.1B.  
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3.4.3 Coating of microfluidic devices with collagen and tissue factor 

 Microfluidic devices were coated as previously described.[316] In short, devices were incubated 

with fibrillar collagen (150 µg/mL in 10 mM acetic acid) for 1 hour with rotation at room temperature. 

Next, devices were rinsed with phosphate buffered saline (PBS) and incubated with a solution of 

Dade® Innovin® (0.1 nM tissue factor, TF, in ddH2O). Surfaces were then blocked with 5 mg/mL 

denatured bovine serum albumin (BSA) for 1 hour at room temperature. In parallel, control devices 

were incubated with appropriate dilution buffers, as described above, and blocked with BSA. 

3.4.4 Blood collection and preparation 

 Whole blood was drawn by venipuncture from healthy adult volunteers into sodium citrate 

(0.38% w/v) in accordance with the Oregon Health & Science University Institutional Review Board. 

Blood was used within 2 hours of the blood draw. To allow detection of platelet-rich clot formation, 

blood was incubated with the mitochondrial dye 3,3’-Dihexyloxacarbocyanine Iodide (DiOC6; 2 µM 

final). To initiate coagulation, blood was recalcified to a final concentration of 7.5 mM CaCl2 and 3.5 

mM MgCl2 immediately prior to perfusion through the microfluidic device.  

 

Figure 3.1 Modeling human blood flow and thrombus formation dynamics within a multi-bypass ladder network 
Parameters of a multi-bypass microfluidic ladder network device design (A) and an experimental prototype as visualized by 

differential interference contrast (DIC) microscopy (B). Network features two main channels and ten bypasses (bp 1-10); 

micrograph shows the first four bypasses. Black bars indicate a stoppered inlet and outlet; red arrows depict the direction of 

blood flow. Stoppered inlets and outlets were re-opened during the washing step. 
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3.4.5 Ex vivo blood flow assay 

 Coated microfluidic devices were assembled into a pump-driven flow system. Modified Hepes-

Tyrodes buffer was perfused through the device with a Harvard 2000 syringe pump in order to wet the 

channels and remove any air bubbles. We stoppered a contralateral channel inlet and outlet prior to 

perfusion of blood in order to reserve them for washing (inlet leading to channel 2 and outlet leaving 

channel 1; Figure 3.4A). DiOC6-stained sodium citrate (0.38% w/v) anticoagulated whole blood was 

recalcified and perfused through the coated microfluidic device at a flow rate of 2 µL/min.  

Real-time platelet aggregation was recorded using 

Zeiss Axio Imager 2 microscope (Carl Zeiss MicroImaging 

GmbH, Germany). After 30 min of blood perfusion, inlet 

and outlet channels were opened and networks were 

perfused with modified Hepes-Tyrodes buffer for an 

additional 20 min, followed by imaging with differential 

interference contrast and fluorescent light microscopy as 

previously described.[317] The surface areas of thrombi 

formed within each bypass and adjacent areas, as marked 

in Figure 3.2, were quantified using ImageJ and 

normalized per experiment to bypass 1. Average surface area fold changes and standard error means, 

SEM, were reported for 5 independent experiments (Figure 3.4D). 

 

3.4.6 Modeling 

3.4.6.1 Fluid dynamics 

 The local hemodynamic environment was modeled using a commercial finite element software 

(COMSOL). The model included blood being perfused at a constant flow rate of 2 µL/min through an 

inlet as shown in Figure 3.1. The exit pressure of the outlet was maintained at atmospheric pressure. At 

 

Figure 3.2 Quantification of the spatial 

distribution of thrombus formation 
DiOC6-labeled whole human blood was perfused at 

a 2 µL/min flow rate through a PDMS-ladder 

network coated with collagen and tissue factor; 

images of thrombus formation were recorded using 

differential interference contrast microscopy. The 

thrombus surface area was quantified for 5 

experiments using ImageJ. 
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these low flow rates, the Reynolds number (Re) is less than 1. Re < 1 implies that the flow is viscous 

dominated, resulting in a creeping flow.  

The Navier-Stokes modeling equations for incompressible creeping flow are given as follows:[318] 

𝜌
𝜕𝑢(𝑥, 𝑦)

𝜕𝑡
=  −∇p + ∇. (μ (∇u + (∇u)𝑇)) 

where ρ is the density of blood cells, which was set at 1060 𝑘𝑔/𝑚3, P is pressure, t is time, μ is the 

viscosity of blood, and 𝑢 is the velocity profile.  

Blood viscosity was estimated using a Power law which is given as follows:[319,320] 

𝜇 = 𝜆|�̇�|𝑛−1 

𝜆(�̇�) = 𝜇∞ + Δ𝜇 exp [− (1 +
|�̇�|

𝑎
) exp (−

𝑏

|�̇�|
)] 

𝑛(�̇�) = 𝑛∞ − Δ𝑛 exp [− (1 +
|�̇�|

𝑐
) exp (−

𝑑

|�̇�|
)] 

where 𝜇∞ =  0.035,  𝑛∞ = 1.0, Δ𝜇 = 0.25, Δ𝑛 = 0.45, 𝑎 = 50, 𝑏 = 3, 𝑐 = 50 and 𝑑 = 4. 

The shear rate profile of the microfluidic network was modeled as follows: 

�̇� =  
1

2
 [∇𝑢 + (∇𝑢)𝑇] 

where 𝛾 is the shear rate, and ∇𝑢 is the gradient of the velocity. Using the above modeling equations, a 

velocity profile, shear rate and velocity streamlines were generated for the microfluidic network. 

 

3.4.6.2 Prediction of blood cell distribution 

 A particle-tracing module within COMSOL was used to predict the distribution of platelets and 

red blood cells (RBCs) within the channels. In the circulation, platelets marginate to preferentially 

populate a 2-5 μm layer near the wall, whereas RBCs form a core in the center of the channel.  

 We modeled particle distribution changes within the complex geometry over time. Platelets and 

RBCs were modeled as spheres of 3.6 µm and 8 µm diameters, respectively, with a density of 1060 
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kg/m3. Particles with two different radii were released from the inlet at a predefined distribution: 

platelets were released with a normal distribution centered along the walls, whereas RBCs were 

released with a normal distribution at the center of the channel with a variance of 50 µm. The particle 

count ratio was set as 10 RBCs to 1 platelet and the RBC-core was set to occupy approximately 50% 

of the channel at the entrance, assuming a hematocrit of 0.5. The initial velocity of the particles at the 

inlet was set to be zero. Particles were transported by the viscous drag force on them due to the bulk 

flow.[318] As the particles moved through the channels, they were subject to a drag force, given as: 

𝐹 =
18 𝜇

𝜌𝑝𝑑𝑝
2 𝑚𝑝𝑉𝑟𝑒𝑙 , 

where 𝐹 is the drag force, 𝜇 is the viscosity, 𝜌𝑝 is the particle density, 𝑑𝑝 is the particle diameter, 𝑉𝑟𝑒𝑙 

is the relative velocity, 𝑚𝑝 is the particle mass.[309] Particle trajectories were coupled to the 

continuous phase in a unidirectional manner. 

 

3.4.6.3 Prediction of thrombus nucleation points 

 Initial thrombus nucleation points were predicted by integrating the blood flow velocity, shear 

rate, and blood cell distribution profiles as described above. The probability of a thrombus nucleating 

at a point within the network geometry was expected to increase with increased cell residence times, 

abrupt changes in shear and higher platelet counts.[6,304–307,321] Velocity streamline profiles 

initiated at the channel inlet predicted platelet residence times within the ladder network. Based on the 

assumption of a no-slip condition at the wall, the residence time was expected to be relatively higher 

near the walls of the channels as compared to the center of the channels, and reach infinity at the 

stagnation points created by the splitting of the bloodstream where the main channel and bypass 

intersection formed a right angle.  

Based on the geometry, abrupt changes in the shear rate were expected immediately distal to the 

main channel intersection with bypasses.[322,323] The plasma skimming effect was assumed to 
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control the average number of platelets and RBCs present at each segment of the channel. Thrombus 

formation, modeled as solid spheres with a constant surface concentration of thrombin, was 

incorporated at these nucleation points (Figure 3.3E & F).  

 

3.4.6.4 Thrombin mass transfer 

 The mass transfer of thrombin within the 

microfluidic network was modeled to predict 

sites associated with increased thrombin 

levels. All clots were assumed to have 

thrombin surface concentrations of 0.5 

mol/m3.[324]  

The equation used to obtain the 

concentration profiles is given below: 

∇. (−𝐷𝑖∇𝐶𝑖) + 𝑢. ∇𝑐𝑖 = 0 

where 𝐷𝑖 is the diffusivity of thrombin and 

was set at 10 µm2/s, while 𝑢 is the velocity 

profile in the network.[325] This equation 

along with the Navier-Stokes equation and 

continuity were solved simultaneously to 

obtain concentration and velocity profiles.  

 The Péclet number (𝐿𝑈/𝐷) of this flow 

was >> 1, implying that the mass transfer of 

thrombin within the bloodstream is expected to be largely dominated by convection as compared to 

diffusion. Therefore, the mass transfer of the most of the thrombin within bloodstream was expected to 

follow the streamlines as depicted in Figure 3.3F.  

 

Figure 3.3 Prediction of thrombus formation within the ladder 

network: nucleation and evolution 

Computer simulation of blood flow velocity profile (A; µL/min), 

shear profile (B; s-1) and the initial blood cell distribution profile (C). 

A combination of velocity streamlines and shear rate gradient 

predicted a higher probability for the nucleation site for thrombus 

formation on the channel walls immediately downstream of 

intersections between main channels and bypasses (highlighted with 

black circles) (D). Computer simulations repeated in the presence of 

an obstruction to predict adjusted blood cell distribution profile 

during clot growth and thrombin convection mol/m3 (E) and 

combination of thrombin convection profile (purple) over bulk flow 

velocity streamlines and shear rate profile (F). Shear rates below 30 

s-1 were subtracted from the shear rate heat maps on the overlays (D 

and F) for visibility of velocity streamlines. 
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3.4.6.5 Prediction of the effect of thrombi formation propagation within ladder network 

 Based on experimental observations of the thrombogenicity of collagen and TF-coated 

surfaces,[234,316] a simplified bypass-to-bypass thrombus propagation profile was developed and 

used to run simulations to study the dynamical effect of thrombus formation on the shear rate, platelet 

distribution and thrombin molar rate per bypass within the network. Simulations were performed for 

six scenarios corresponding to 0 – 30 min of perfusion time in 5 min steps. The thrombus formation 

within bypass 1 was expected to progress to 5%, 50% and 100% occlusion by 5, 10 and 15 min 

respectively. Geometric occlusion events were modeled as a pair of circular thrombi originating from 

the intersecting edges of each bypass with main channels 1 and 2. The bypass-to-bypass thrombus 

propagation relationship was set such as when the thrombus formation within the bypass ‘n’ reached 

50% occlusion then the thrombus in bypass ‘n+1’ would reach 5% occlusion (Figure 3.5A).  

 Simulations for each metric per scenario were conducted at steady state. To estimate changes in 

the shear rate profile per bypass, a cut line method was used to monitor the changes in average shear 

rate as a function of occlusion percentage at each region marked by arrows (Figure 3.5B). The effect of 

sequential occlusion on the platelet trajectory was modeled by creating a particle counter at the exit of 

each bypass. The number of platelets travelled through each bypass were counted as a function of 

occlusion at the location indicated by arrows (Figure 3.5C). The sequential evolution of thrombus 

formation within the ladder network was expected to lead to dynamic changes in the thrombin flux in 

these bypasses and along the main channels. To estimate the amount of thrombin within the ladder 

network as a function of occlusion, a cut line method was used to calculate the average thrombin molar 

flow rate at regions indicated by arrows (Figure 3.5D). 
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3.4.7 Statistical Analysis 

 Data are shown as means ± SEM. Statistical significance of differences between means was 

determined by ANOVA. If means were shown to be significantly different, multiple comparisons were 

performed by the Tukey test. Probability values of P < 0.05 were selected to be statistically 

significant. 

 

3.5 Results 

3.5.1 Modeling human blood flow and thrombus formation dynamics within a multi-bypass ladder 

network 

 At sites of vascular injury, blood cells and proteins are subject to an evolving hemodynamic 

environment that determines the rate and morphology of thrombus formation. The goal of this project 

was to develop a computational model to predict the spatial and temporal dynamics of thrombus 

formation within a ladder network geometry. The prediction of the location and patterns of thrombus 

formation were then validated with primary experiments using whole human blood. We aimed to 

understand the contribution of complex branching and asymmetric geometries on thrombus initiation 

and propagation. Branching, stagnation points, and expansions were among the features of the 

microfluidic ladder channel. By having a multi-bypass model, we were able to study re-direction of 

flow from one bypass to the next as a result of the formation of an occlusive thrombus within the 

bypass channels. The microfluidic network ladder design in this report was designed to fall within the 

Stokes flow regime (Re <<1) and therefore did not contain inertial driven features associated with 

larger diameter geometries (Figure 3.1).  
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3.5.2 Prediction of thrombi formation within a ladder network: nucleation and evolution 

 Four key parameters were simulated to predict the spatial and temporal dynamics of thrombus 

formation. These factors were: (i) blood flow velocity, (ii) shear rate gradient, (iii) blood cell 

distribution and (iv) thrombin convection profiles: 

 

(i) Blood flow velocity: Our COMSOL model predicted a series of stagnation points in which 

the blood velocity is close to zero and thus assumed to promote thrombus formation 

immediately downstream.[302] Formation of the stagnation points were predicted to occur 

at corners where the main channels intersect with bypass channels (Figure 3.2A). 

 

(ii) Shear rate gradient: Our model predicted a relative increase in local shear rates along the 

channel 1 wall and at corners at intersections between channel 1 and bypasses leading to 

channel 2 (Figure 3.2B). Thrombus formation was predicted to be favored near stagnation 

sites where the shear rate was predicted to undergo a rapid change in magnitude.[326] A 

combination of shear rate gradient and velocity profiles predicted a higher probability for 

nucleating thrombus formation on the channel walls immediately downstream of 

intersections between main channels and bypasses (Figure 3.2D; black circles). 

 

(iii) Blood cell distribution: Our model predicted that upwards of 50% of platelets were initially 

expected to separate into the first bypass (bp 1), due to the effect of plasma skimming 

(Figure 3.2C). Thus, the increased concentration of platelets in the first bypass was 

predicted to preferentially increase the rate of thrombus formation within the first bypass. 

Our model then predicted relatively decreased concentrations of platelets per unit volume 

in each subsequent bypass. However, as the flow rate decreased through the first bypass 

due to the formation of an occlusive thrombus within bp 1, the relative flow rate and 
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subsequent concentration of platelets was predicted to increase in the second bypass (bp 2), 

leading to an increased probability of thrombus formation in bp 2 as a function of time 

(Figure 3.2E). 

 

(iv) Thrombin convection: Nucleation of the initial site of thrombus formation, as predicted by 

blood velocity, shear gradient and cell distribution profile, was expected to serve as a local 

source of a thrombin generation. Thrombin is a potent serine protease with a diverse set of 

biological functions including the activation of platelets, activation of coagulation factors 

V, VIII and FXI, and cleavage of fibrinogen to form polymerized fibrin, all of which 

contribute to thrombus formation under flow.[327] Our model predicted that thrombin 

mass transfer in the bloodstream occurs via convection along the blood bulk flow (Figure 

3.2F).  

 

To summarize, our model predicted a higher probability of thrombus nucleation immediately 

downstream to locations in which the blood flow velocity is close to zero, and both shear gradients and 

platelet concentrations are higher as compared to the parameters found in the bulk bloodstream. 
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3.5.3 Temporal thrombus growth within a ladder network 

 We next studied the role of microfluidic channel geometry on platelet deposition and fibrin 

formation within a multi-bypass ladder 

network in an ex vivo blood flow assay. 

Platelet adhesion and aggregation were 

observed after the perfusion of recalcified 

whole human blood through the ladder 

network which was coated with collagen and 

tissue factor (Figure 3.4A). DiOC6-labeled 

(green) platelet aggregate formation was 

monitored in real-time using fluorescent light 

microscopy and revealed a pattern of 

increased platelet aggregate formation at the 

stagnation regions formed at intersection 

points between main channels and bypasses, 

starting at bypass 1 (Figure 3.4B). Moreover, 

after washing away non-adherent cells, an 

increase in the spatial distribution of fibrin 

was observed at the nucleation points and in 

regions where our model predicted 

transitions from high to low shear (Figure 

3.4C).  

These experimental results validated the prediction of the thrombus nucleation at intersection 

points between the bypasses and main channels (Figure 3.2D). Quantitative analysis of the surface area 

of thrombi formed as a function of location demonstrated that thrombus formation occurred 

 
Figure 3.4 Temporal thrombus growth within ladder network 
DiOC6-labeled whole human blood was perfused at a 2 µL/min flow 

rate through a PDMS-ladder network coated with collagen and tissue 

factor; real-time images of thrombus formation were recorded using 

differential interference contrast (A) and fluorescence microscopy (B). 

Networks were subsequently washed with buffer for 20 min and re-

imaged (C). Representative images shown, n=5. Total surface areas of 

thrombi per bypass were quantified and normalized to bp1 (D). 
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sequentially from bypass 1 to bypass 2 and onwards to bypass 10, with preceding bypasses promoting 

larger thrombi formation, by surface area, in the subsequent bypass (Figure 3.4D).  

 

3.5.4 Prediction of the effect of thrombi formation propagation within a ladder network 

 To predict the dynamical effect of thrombus formation on blood biorheology within the 

microfluidic network, iterative simulations were performed and the effects of thrombus formation on 

shear, platelet distribution and thrombin molar rate were simulated at each bypass. Six separate 

scenarios with a set ratio of thrombus formation within bypasses were simulated. The scenario before 

blood entered a bypass, and thus prior to thrombus formation, was defined as a null scenario. Next, 

scenarios reflected thrombus grow within bypass 1 (bp1) in discrete time intervals of 5 minutes 

corresponding to 5%, 50% and 100% occlusion by 5, 10 and 15 min, respectively. For each scenario, a 

correlation between thrombus growth in a preceding and subsequent bypasses was set so that when a 

thrombus in bypass 'n' reached 50% occlusion, thrombus growth would commence in bypass 'n+1' and 

reach 5% occlusion (Figure 3.5A; Left panel shows simulation set up for a scenario at 10 min).  

 Our simulations showed that shear rate increases at bypass 1 (arrow) with 5% occlusion and start 

to fall at 50% occlusion as blood flow starts to redirect to and result in an increase in shear in the 

subsequent bypass (Figure 3.5B). Shear rate was expected to drop to zero once the bypass reached full 

occlusion. Our model predicted that platelet trajectories in the ladder network were sensitive to 

changes in the geometry due to thrombus formation. The sequential growth of thrombi was predicted 

to lead to increasing resistance in each bypass resulting in redirection of flow and platelets to 

subsequent bypasses.  

 Our model predicts that approximately half of the platelets will travel through bypass 1 prior to 

thrombus formation and that platelet concentrations within bypass 1 will decrease as the bypass starts 

to occlude, resulting in shunting of blood flow to downstream bypasses (Figure 3.5C). Our model 

predicted that the thrombin convection profile at each subsequent bypass would be higher than at the 
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previous bypass (Figure 3.5D). The presence of thrombi in an upstream bypass was predicted to serve 

as a surface for thrombin generation and convection into the blood flow. At complete occlusion of 

bypass 1, the overall molar flow rate of thrombin was expected to reach zero due to zero velocity.  

 

 

 

 

Figure 3.5 Prediction of the effect of thrombus formation within a ladder network  

Computer simulations of the effects of thrombus formation on the dynamics of blood flow dynamics were performed at discrete 

time and bypass-to-bypass locations (A). The changes in shear profile (B; s-1), platelet distribution profile (C) and 

concentration profile of thrombin (D; nmol/s) at each bypass were calculated as a function of time. Arrows indicate regions of 

measurement integration. 
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3.5.5 Prediction of the effect of the flow recirculation on platelet aggregation and fibrin formation 

 In addition to predicting stagnation points and 

rapidly changing shear gradients within our ladder 

network, our model also predicted formation of a 

recirculation zone at the stoppered inlet of channel 

2 due to the flow obstruction at the entrance of 

blood into the channel 2 from channel 1 via the first 

bypass, bp 1 (Figure 3.6A).  

 As the blood circulates through the first 

bypass, the boundary between the plasma layer and 

the no-flow zone moves along the direction of the 

plasma layer, thus creating a recirculation zone in 

the no-flow region. Our model predicted that 

platelets entering the recirculation zone would be 

exposed to lower levels of shear, and therefore 

would be less likely to aggregate as compared to 

the corners of the t-branch between bp 1 and 

channel 2, where platelets were predicted to 

experience the greatest acceleration in the change 

in shear (Figure 3.6B & C).  

A decrease in flow rate was predicted to occur as the channel was occluded with a growing 

thrombus, resulting in partial flow redistribution to the other channels. The shear rate in the obstructed 

section of bp 1 was predicted to significantly increase due to the decrease in cross-sectional area. Our 

model predicted an increase in convection of thrombin into the recirculation zone as a function of 

obstructive thrombus formation as a combined result of the increased rate of thrombin generation at 

 

Figure 3.6 Prediction of the effect of the flow recirculation 

on platelet aggregation and fibrin formation  
Computer simulation of the streamlines of the bulk blood flow 

through the network ladder predicts a flow distortions at the 

intersection of the first bypass (bp 1; resulting in a zone of 

recirculation), at the stoppered channel (black bar), and at 

channel 2 (A). Simulation of blood cell transport during 

thrombus formation: < 50% of bypass obstruction, left, and > 

50% bypass obstruction, right (B); shear rate profile (C) and 

thrombin convection profile mol/m3 (D) within these regions. 
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the site of thrombus formation, an increase in plasma recirculation and reduced elimination by 

convection (Figure 3.6D). 

 

3.5.6 Effect of flow recirculation on platelet aggregation and fibrin formation 

 To examine the role of blood flow recirculation on platelet aggregation and fibrin formation, a 

second set of contralateral inlet and outlet channels was stoppered (inlet leading to channel 2 and outlet 

leaving channel 1), after equilibration of the microfluidic network with buffer and before addition of 

recalcified whole human blood; this introduced a blood flow recirculation zone immediately next to 

the first bypass (bp 1). Upon blood entry into the first bypass from channel 1, blood flow was diverted 

into channel 2 by the pull of a syringe pump connected to the outlet (Figure 3.7A). Within minutes, we 

observed the transfer of blood cells from the blood bulk flow into the recirculation zone. A robust 

degree of fibrin formation was observed within the recirculation zone, while interestingly, we observed 

little platelet deposition or aggregation within the recirculation zone (Figure 3.7B). Fibrin strands were 

formed in the direction of the predicted stream lines of blood flow within the recirculation zone. 

  

 

Figure 3.7 Effect of flow recirculation on platelet aggregation and fibrin formation  

Dynamics of whole human blood flow at the intersection where the first bypass meets a stoppered channel, creating a 

recirculation zone (black bar); platelet aggregation was recorded using differential interference contrast and fluorescence 

microscopy in real time (A) while fibrin was imaged following a washing step (B). Representative images shown, n = 3. 



91 

 

3.6 Discussion 

 Microfluidic devices have provided benefit in acting as a platform for understanding the 

mechanisms underlying the processes of occlusive thrombus formation within the vasculature and 

have potential for development as point-of-care therapeutic devices.[295,296,328–330] Notably, 

development of microfluidic oxygenator units to promote gas exchange has been of significant interest 

in the field.[331–335] Microfluidic networks may have utility in extracorporeal devices to trap bubbles 

and emboli as well as measure levels of reagents and toxins.[336–339] However, the role of the 

microfluidic network geometry in the thrombogenicity of devices such as extracorporeal oxygenation 

machine (ECMO), left ventricular assist devices, and nanomembrane hemodialysis cassettes is not 

well defined.[330,340,341]  

 An integrated approach of studying blood flow and thrombus formation within microfluidic 

networks in the presence of coagulation may be useful in understanding how the physical biology of a 

microfluidic device promotes thrombus formation, which may help in the development of safer 

therapeutic device designs. Moreover, this approach may further help predict the risk of thrombus 

formation within physiological microvascular network geometries found in human organs, such as the 

spleen, placenta, kidney and brain.[310,342,343] In this report, we have described a proof-of-principle 

integrated approach of studying blood flow and thrombus formation patterns in a multi-bypass 

microfluidic ladder network as summarized in Figure 3.8.  

 Incorporating computer simulation and experimental design, we were able to characterize the 

spatial and temporal distribution of platelet aggregation and fibrin formation as a function of the 

biorheological parameters of blood flow velocity and shear gradients and platelet and RBC 

distribution. We were able to determine how the initial conditions evolved as a function of sequential 

occlusive thrombus formation in bypasses within our ladder network. Our integrated approach utilized 

fundamental fluid dynamics principles to solve the effect of an evolving channel geometry due to the 

formation of an occlusive thrombus within the bypass geometry. Our approach can be used to develop 
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generalizable predictions of sites of thrombus formation within microfluidic network geometries. Our 

findings suggest that the rate of thrombus formation is enhanced in zones of prolonged platelet 

residence times and rapid shear gradients, blood compositions favoring platelet enrichment, and sites 

with elevated thrombin concentrations.  

 

 

 Our microfluidic ladder network was comprised of T-junctions connecting two parallel main 

channels and bypasses with 90 degree angles. Sharp angle bends were previously shown to cause 

skewed velocity flow profiles, decreases in velocity at fixed pressure drops as well as flow separation 

and recirculation zones, particularly in high Reynolds number flow.[344–346] Finite element 

simulations of a Newtonian fluid flow at different angle bifurcations have shown that for a fixed 

pressure drop, the variation of the bifurcation angle from 60 to 120 degrees resulted in an average 

velocity reduction of 1-4% compared to a channel with no bend, with laminar flow being maintained at 

a low Reynolds number.[346] Moreover, flow simulations of non-Newtonian power-law fluids 

encountering a 90 degree bifurcation have shown that recirculation zones and flow separations should 

not form when the Reynolds number is below 5.[347] In our setup we perfused whole blood, simulated 

 

Figure 3.8 An integrated approach to study thrombus formation within a microfluidic network.  

Integrated approach of creating simulations of blood flow velocity, shear and blood cell distribution profiles to predict the site 

of thrombus formation. Modeling was repeated to account for the dynamical response of blood rheology and thrombin 

generation as a function of temporal thrombus formation. 
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as a power law fluid with index n ≤ 1, through a microfluidic network with Reynolds numbers below 

1, and observed no turbulence in the flow field imparted by the sharp angle. However, we did note 

asymmetry in the velocity profile that could potentially influence thrombi formation. Our future work 

will look to incorporate quantitative methods to record blood cell flow in real time in order to validate 

the predicted flow profiles through the network geometry. 

 This report focused on thrombus formation patterns within the Stokes flow regime (Reynolds 

number; Re <<1) and simplification of classifying blood cells as particles with constant diameters. 

Future work will focus on improving our model to predict the dynamics of thrombus formation in 

larger channels, with larger Reynolds numbers, which would need to take into account contributions 

from inertial flows and recirculation zones at sharp angles.[347] Furthermore, in certain vessel 

geometries, inherent blood cell shape and deformability would be expected to play an important 

role.[348–350] Another limitation of our model was the assumption that thrombin remained active in 

the bloodstream and that mass transfer via convection from upstream thrombi within the network 

contributed to the downstream flux of thrombin within subsequent bypasses. Thrombin is known to be 

rapidly inactivated by plasma inhibitors such as antithrombin (ATIII) and heparin cofactor II;[26–28] 

on the other hand, thrombin catalyzes its own feedback generation through activation of the 

coagulation factor XI. Our future work will focus on incorporating the kinetic parameters of thrombin 

generation and inactivation into our model of thrombin formation and downstream propagation within 

a ladder network. Our goal is to integrate this approach to predict the prothrombotic phenotype of 

specific vascular beds, such as encountered in the brain and lung, as well as extending our models to 

study the flow patterns within extravascular devices, such as ECMO. 

 Geometric factors of a bypass significantly influence thrombus formation, notably in complex 

configurations found in artificial flow networks. Extravascular therapeutic devices such as ECMO are 

used to pump and oxygenate a patient’s blood during heart or lung surgery / failure. In veno-arterial 

ECMO, blood is oxygenated while it travels from a femoral vein into an artificial membrane lung 
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consisting of a branched network of thousands of small tubes before returning to the circulation via a 

femoral artery.[351] The blood flow within network is affected by changes in dimension, disturbances 

in the tubing such as stagnation points and stenoses, branching channels, and curved geometries. Our 

model and experimental data identify stagnation points and large shear gradients as regions of 

increased thrombogenicity. Along these lines, large expansions or contractions associated with rapid 

flow acceleration and deceleration have been shown to influence platelet aggregation both in vitro and 

in vivo.[266,301] Moreover, curved channels have been shown to cause velocity profile shifts resulting 

in secondary flow and exhibit increased potential as sites of thrombus formation.[352,353]  

 In conclusion, current ECMO designs require a systemic anticoagulant such as heparin to 

maintain patency, putting the patient at risk for serious bleeding complications. A better understanding 

of the thrombogenic profile of devices that contain ladder networks may help in optimizing geometric 

designs to decrease thrombin generation, thus lowering the risk of device failure due to occlusive 

thrombus formation.   
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 Biorheology of platelet activation in the bloodstream distal to thrombus 

formation 

Jevgenia Zilberman-Rudenko, Asako Itakura, Jeevan Maddala, Sandra M. Baker-Groberg, 

Ralf Vetter, Erik I. Tucker, András Gruber, Christoph Gerdes, Owen J.T. McCarty 

 

4.1 Abstract  

Thrombus growth at the site of vascular injury is mediated by the sequential events of platelet 

recruitment, activation and aggregation concomitant with the initiation of the coagulation cascade, 

resulting in local thrombin generation and fibrin formation. While the biorheology of a localized 

thrombus formation has been well studied, it is unclear whether local sites of thrombin generation 

propagate platelet activation within the bloodstream. In order to study the physical biology of platelet 

activation downstream of sites of thrombus formation, we developed a platform to measure platelet 

activation and microaggregate formation in the bloodstream. Our results show that thrombi formed on 

collagen and tissue factor promote activation and aggregation of platelets in the bloodstream in a 

convection-dependent manner. Pharmacological inhibition of the coagulation factors (F) X, XI or 

thrombin dramatically reduced the degree of distal platelet activation and microaggregate formation in 

the bloodstream without affecting the degree of local platelet deposition and aggregation on a surface 

of immobilized collagen. Herein we describe the development and an example of the utility of a 

platform to study platelet activation and microaggregate formation in the bloodstream (convection-

limited regime) relative to the local site of thrombus formation.  

 

This work was originally published by the Biomedical Engineering Society, 

Cellular and Molecular Biomedical Engineering, 2016;9(4):496-508. 

Permission is not required by the publisher for this type of use. 
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4.2 Introduction 

In this chapter we build on observations described in  Chapter 3 to develop an ex vivo flow model 

to mimic a local site of vascular injury in combination with the downstream collection of blood 

samples to allow for the analysis of distal platelet activation, microaggregate formation and single 

platelet consumption in flowing blood. We use an integrated approach of computational simulation 

and experimental data to assess effects of shear and residence time distal to thrombus formation on 

platelet activation and consumption in flowing blood. This study demonstrates the utility of a 

measurement platform to assess platelet activation and microaggregate formation in solution 

downstream of sites of thrombus formation under shear flow. This work further prompts subsequent 

studies described in  Chapter 5 to understand the role of specific coagulation factors in the distal 

effects of thrombus formation, which may lead to the development of safer and more effective 

antithrombotic agents. 

 

4.3 Background 

Platelets and coagulation factors contribute to both hemostasis, a physiological response to 

staunch blood loss from an injured vessel, and thrombosis, a pathological development of a clot that 

obstructs the vessel lumen. At sites of vessel injury, circulating platelets are rapidly recruited to the 

exposed extracellular matrix under shear flow, followed by platelet activation.[354] Platelet activation 

triggers the surface expression of CD62P (P-selectin) from α-granules, and expression of active 

glycoprotein (GP) IIbIIIa, by which platelets can form homotypic aggregates via fibrinogen binding. In 

parallel, the exposure of blood to tissue factor (TF) or negatively charged surfaces induces activation 

of extrinsic and intrinsic coagulation pathways, respectively, leading to thrombin generation and fibrin 

formation. Contact with negatively charged surfaces induces autoactivation of the zymogen 

coagulation factor XII (FXII).[355] Activated FXII (FXIIa) is a serine protease that converts 

coagulation factor XI (FXI) to the activated form of FXI (FXIa). Subsequently, FXIa activates factor 
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IX (FIX), which in turn activates factor X (FX). Activated FX (FXa) then converts prothrombin to 

thrombin. In addition to fibrin formation and platelet activation, thrombin can mediate feedback 

activation of FXI to perpetuate its own generation.[139] Thrombin converts fibrinogen to fibrin, and 

cleaves platelet protease-activated receptors (PARs). The complex mass of fibrin and activated 

platelets forms the basis of a hemostatic plug or, under pathological conditions, a thrombus that 

obstructs blood flow. 

The rate of platelet activation, aggregation and fibrin formation in a fluid shear environment (i.e., 

flowing blood) is a balance between the delivery of reactants (platelets and coagulation factors) to the 

local site of vascular injury relative to the rate of assembly and (in)activation of coagulation factors on 

the activated platelet surface.[22] The biorheology of local thrombus formation has been extensively 

studied in silico, in vitro and in vivo.[356] However, the process by which local generation of thrombin 

at sites of thrombus formation promotes the activation of the coagulation cascade and platelets in the 

bloodstream is ill-defined. The aim of this study was to develop a platform to define the physical 

biology of platelet activation and microaggregate formation in the bloodstream distal to sites of local 

thrombus formation. An improved understanding of platelet activation and aggregate formation in the 

bloodstream may lead to the identification of antithrombotic targets that prevent distal platelet 

activation in the bloodstream without affecting local hemostasis. 

 

4.4 Materials and Methods 

4.4.1 Reagents 

Fibrillar collagen reagent was purchased from Nycomed Austria GmbH (Linz, Austria). The 

tetrapeptide Gly-Pro-Arg-Pro-OH fibrin polymerization inhibitor, Pefabloc® FG (GPRP) was 

purchased from Pentapharm (Basel, Switzerland). Serine protease inhibitor Phe-Pro-Arg-

chloromethylketone (PPACK) was purchased from Santa Cruz and tissue factor (TF, Dade Innovin) 

was purchased from Siemens. Murine monoclonal anti-FXI antibodies 1A6 and 14E11 were cloned, 
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expressed and purified as described.[139] The antibody 14E11 blocks the kininogen-binding region on 

the apple 2 (A2) domain and inhibits the activation of FXI by FXIIa.[140] The antibody 1A6 blocks 

the FIX-binding region on the A3 domain of FXI and inhibits FIX activation by FXIa.[140] The direct 

inhibitor of activated factor X (FXa), rivaroxaban, and thrombin inhibitor, melagatran, were provided 

from the manufacturer Bayer HealthCare AG. Rivaroxaban binds reversibly to FXa via the S1 and S4 

pockets and inhibits FXa serine protease activity.[357] PE-conjugated mouse anti-human CD41a and 

CD61a, and APC-conjugated mouse human anti-CD62P was purchased from BD Biosciences 

(Heidelberg, Germany). Thrombin receptor activator peptide-6 (TRAP-6) was purchased from Bachem 

(Bubendorf, Switzerland). The partial thromboplastin time (aPTT) reagent, STA C. K. Prest 5 was 

purchased from Diagnostica STAGO (Asnières-sur-Seine, France). TriniCLOT calcium chloride was 

purchased from Trinity Biotech (Bray, Ireland). All other reagents were from Sigma-Aldrich (St. 

Louis, MO, USA) or previously named sources.[234,358] 

4.4.2 Collection of human blood 

Human venous blood was drawn by venipuncture from healthy adult volunteers in accordance 

with the Oregon Health & Science University institutional review board. Blood was taken into 3.8% 

(w/v) sodium citrate using a ratio of 1 part citrate: 9 parts blood and immediately used for experiments. 

4.4.3 Clotting time assay 

The activated partial thromboplastin time (aPTT) of human plasma were measured with a Trinity 

AMAX200 coagulation analyzer (Trinity Biotech, Bray, Ireland). Pooled human plasma was pretreated 

at 37˚C for 10 min with 1A6, 14E11 or rivaroxaban, followed by incubation with aPTT reagent for 3 

min at 37˚C. Coagulation was then initiated by the addition of CaCl2 (8.3 mM final), and clotting times 

were recorded. 

4.4.4 Flow chamber assay 

The volume and surface area of platelet proximal aggregates were measured as previously 

described.[283] Briefly, glass capillary tubes (0.2 × 2 mm, VitroCom, Mountain Lakes, NJ, USA) 
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were coated with collagen (150 μg/ml) for 1 hr at room temperature, washed and incubated with 

tissues factor (TF, 0.1 nM) for additional hour, when indicated. Surfaces were blocked with 5 mg/ml 

denatured bovine serum albumin (BSA) for 1 hr prior to assembly into a flow system on the stage of a 

Zeiss microscope (Carl Zeiss, Thornwood, NY). Citrate-anticoagulated whole blood was incubated 

with the fibrin polymerization inhibitor, tetrapeptide Gly-Pro-Arg-Pro-OH (GPRP; 3 mM final) prior 

to the incubation with vehicle, 1A6 (1-50 μg/ml), 14E11 (1-50 μg/ml), or rivaroxaban (30-300 nM) for 

10 min at 37˚C. Blood was re-calcified to final of 7.5 mM CaCl2, 3.5 mM MgCl2 immediately prior to 

perfusion over the collagen/TF-coated slide at a set initial shear for 5-10 min. The capillary tubes 

containing platelet aggregates were washed for 5 min with modified Hepes/Tyrode buffer (129 mM 

NaCl, 12 mM NaHCO3, 2.9 mM KCl, 20 mM HEPES, 1 mM MgCl2, 0.34 mM Na2HPO4·12H2O, 5.6 

mM glucose; pH 7.3) at the same shear rate to remove unbound blood components.  

The samples were fixed with 4% paraformaldehyde for image analysis. Z-stack images from 

three random fields of view (215 μm × 160 μm) were processed for each sample and taken from the 

surface of the slide to 5 μm above the platelet aggregate. For the data presentation, the volume 

histograms used 150 μm3 size bins, while the surface area histogram used 40 μm2 size bins, as 

previously described.[317] For the measurement of distal platelet activation in the presence of 

pharmacological antagonists, glass slides (Menzel-Gläser SUPERFROST 76 × 26 mm; Gerhard 

Menzel GmbH, Braunschweig, Germany) were coated with collagen (150 μg/ml) overnight at 4˚C, 

followed by blocking with BSA prior to assembly into a flow system on the stage of a Zeiss 

microscope. Whole blood downstream of the flow chamber was collected into modified Hepes/Tyrode 

buffer containing 100 mM PPACK and 3.8% (v/w) sodium citrate at 1 min intervals. In parallel, whole 

blood was sampled from the upstream of the flow chamber and treated with buffer control (vehicle) or 

TRAP-6 (10 μg/ml) for 5 min. 
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4.4.5 Fluorescence Activated Cell Sorting (FACS)-analysis 

Blood samples collected from the upstream and downstream of the flow chamber were diluted 

with modified Hepes/Tyrode buffer containing 100 mM PPACK and 3.8% (v/w) sodium citrate and 

incubated with antibodies for 20 min. To stop antibody-labeling reactions, samples were diluted 1:10 

with CellWash/Permafix (BD Biosciences). 10,000 single platelets were determined by a PE-

conjugated platelet marker (CD41a or CD61a) and the characteristic forward and side-scatter patterns 

via flow cytometry (FACS). Platelet CD62P expression levels, microaggregate formation and single 

platelet consumption were determined as previously described.[284] 

4.4.6 Simulation of thrombin mass transfer in flow distal to thrombus formation 

The distribution of thrombin in the bloodstream distal to the local site of thrombus formation was 

modeled using COMSOL with a single activated platelet as a source of initial thrombin concentration. 

The activated platelet is assumed to generate thrombin flux with a constant surface concertation of 0.5 

mol/m3.[324] Platelets’ diameter was set to 3.6 µm and platelets were assumed to move with the bulk 

blood flow at approximately 10-15 µm from the wall surface of a 1.0 mm diameter channel. Our model 

assumes that the neighboring platelets get rapidly activated and degranulate immediately due to the 

change in thrombin flux.[359]  

This phenomena was incorporated in the model by giving a time delay in thrombin generation 

from the adjacent platelets. The time delay is estimated by calculating the time taken for the thrombin 

to reach the adjacent platelets, less than 1 second. The activated platelets also contribute to the overall 

thrombin concentration with the same boundary condition as the first platelet. The equation used to 

obtain the thrombin concentration profiles in flow was: 

 
𝜕𝐶𝑖

𝜕𝑡
=  ∇. (𝐷𝑖∇𝐶𝑖) −  𝑢. ∇𝐶𝑖 

The boundary condition on the first activated platelet (p1) was set as: 𝐶𝑠,𝑝1 = 0 𝑎𝑡 𝑡 =

0 𝑎𝑛𝑑 0.5
𝑚𝑜𝑙

𝑚3
 ∀ 𝑡 > 0 and for the rest of the platelets the same boundary condition was applied after a 



101 

 

delay (i.e. 0  ∀ 𝑡 < 𝛿 𝑎𝑛𝑑 0.5
𝑚𝑜𝑙

𝑚3
 ∀ 𝑡 > 𝛿). In the above equation, 𝐷𝑖 is the diffusivity of thrombin and 

is taken as 10 µm2/s and 𝑢 is the velocity profile in the network.[325] This equation along with the 

Navier Stokes equation and continuity were solved simultaneously to obtain thrombin concentration 

and velocity profiles at 62.25, 250, 1000 and 4000 s-1 shear rates.  

Peclet number (𝐿𝑈/𝐷) of this flow was >> 1, which implies that mass transfer was dominated by 

convection compared to diffusion resulting in thrombin distribution mostly along the stream lines of 

the bulk flow. Based on this hypothesis it can be predicated that lower flow rates will have thicker 

‘plumes’ of thrombin near the walls of the channel compared to higher flow rates, resulting in a higher 

level of platelet aggregation in the bloodstream at lower flow rates. 

4.4.7 Statistical Analysis 

Data are shown as means ± SEM. Statistical significance of differences between means was 

determined by ANOVA. If means were shown to be significantly different, multiple comparisons were 

performed by the Tukey test. Probability values of P < 0.05 were selected to be statistically 

significant. 
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4.5 Results 

4.5.1 Development of a platform for the study of local and distal platelet activation. 

To investigate and characterize the biorheology of platelet activation in the bloodstream distal to 

sites of thrombus formation on collagen and tissue factor (collagen/TF)-coated surfaces as compared to 

control surfaces coated with bovine serum albumin (BSA control), we developed a FACS-based assay 

to measure platelet activation and microaggregate formation in downstream samples (Figure 4.1A).  

Following perfusion of recalcified whole-blood through the flow chamber, downstream samples 

were collected at 1 min intervals and analyzed for platelet P-selectin (CD62P) expression as well as 

platelet-platelet aggregation. We utilized the fibrin-polymerization inhibitor, GPRP, in order to focus 

our current study on single platelet recruitment and platelet-platelet aggregation in the absence of 

extensive fibrin formation. This is a limitation of the current study, as fibrin is known to serve as a sink 

for thrombin. Single platelets in the bloodstream samples were detected by the combination of light 

scattering and PE-CD41/CD61 (GPIIbIIIa) fluorescence. Quantification of the percentage of platelet 

activation was achieved by creating a gate around platelets with CD62P expression above the threshold 

on CD62P/CD41a scatter plots and normalizing events within gate to total CD41a-positive events 

(Figure 4.1B). 

To quantify platelet microaggregate formation in the blood downstream of the collagen/TF or 

BSA-coated flow chamber, CD41a/forward scatter plots were generated and CD41a-positive events 

with increased forward scatter and mean fluorescence intensity were defined as platelet 

microaggregates and reported as events versus 104 single platelets (Figure 4.1C). This measurement 

platform allowed for the study of the effect of the local activation of the coagulation cascade on the 

activation of platelets in the bloodstream.  

 

 

 



103 

 

 

 

 

 

  

 

Figure 4.1 The schematic of the flow chamber and FACS analysis. 

Whole blood samples were taken before the blood perfusion (upstream) or at distal site to a collagen and tissue factor-coated flow 

chamber (downstream) and analyzed by FACS. (B) Platelet activation and microaggregate formation as well as total single platelet 

consumption (single platelet integration into forming microaggregates and precipitating out of blood macroaggregates) were assessed. 

Samples were labeled for constitutively expressed platelet CD41a or CD31 and P-selectin (CD62P) expressed on activated platelets. (C) 

Percent platelet activation was determined by a dot plot with PE-CD41a and APC-CD62P fluorescence. (D) Platelet microaggregate 

formation was defined by CD41a mean fluorescence intensity and size (forward scatter) shift, as indicated by the region marked with the 

circle. Gated platelets before (upstream; left) and after (downstream; right) perfusion over a collagen-coated surface are shown. 
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4.5.2 Characterization of the effect of shear on platelet aggregation in the bloodstream. 

To investigate and characterize the effect of shear on the biorheology of platelet aggregation in 

the bloodstream, we first looked at local thrombus formation on surfaces of immobilized collagen and 

tissue factor (collagen/TF) as compared to control surfaces coated with bovine serum albumin (BSA 

control). We observed increased platelet recruitment to collagen/TF-coated surfaces as compared to 

BSA control-coated surfaces. Platelet aggregation within 10 minutes of blood perfusion increased as a 

function of shear rate, with the lowest degree of local platelet aggregation observed at 62.25 s-1 and the 

greatest degree of local platelet aggregation observed at 1000 s-1. Of note, flow chambers coated with 

collagen/TF completely occluded after 3 minutes of blood perfusion at a shear rate of 4000 s-1 (Figure 

4.2A). 

Our goal was to develop a measurement platform to study platelet activation and microaggregate 

formation in the bloodstream relative to the local site of thrombus formation. We found that platelet 

CD62P expression and aggregation dramatically increased in whole blood samples collected 15 

seconds (residence time in flow) downstream of the site of thrombus formation on collagen/TF as 

compared to BSA control-coated surfaces at all shear rates tested (62.25, 250, 1000 and 4000 s-1; 

Figure 4.2B-D). Maximal platelet activation was achieved sooner at lower shear rates, with 92±1.9% 

platelets activated by 5 min at 62.25 s-1, 90±1.2% by 8 min at 250 s-1 and 71±2.0% by 8 min at 1000 s-

1, while 40±19.4% of platelets were activated by 3 min at 4000 s-1 just prior to chamber occlusion. Per 

10000 single platelets, 9714±27 platelets formed microaggregates by 7 min at 62.25 s-1, 8714±393 by 

9 min at 250 s-1, 7050±421 by 10 min at 1000 s-1 and 1689±220 by 3 min at 4000 s-1. Total single 

platelet consumption was achieved by 7 min at 62.25 s-1, while both 250 s-1 and 1000 s-1 had 2±0.4% 

of single platelets remaining by 10 min of perfusion; 40±0.6% of single platelets remained in samples 

distal to local thrombus formation at 4000 s-1 prior to chamber occlusion by 3 min. 
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Figure 4.2 Effect of shear on local platelet aggregate formation and distal platelet activation. 

Recalcified whole blood was perfused over collagen/TF or BSA-coated control surfaces for 10 min at 62.25, 250 or 1000 s-1 

shear rate and for 3 min (collagen/TF-coated chambers occluded by 3 min of perfusion) at 4000 s-1 shear rate. (A) Final local 

platelet aggregates formed were evaluated by differential interference contrast microscopy. Samples were collected distally at 

each minute of perfusion after 15 s of residence time in flow and (B) distal platelet activation, (C) microaggregate formation and 

(D) single platelet consumption were quantified by FACS. Images and histograms are representative from each 3 fields of view 

from two different blood donors. 
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4.5.3 Effect of distal residence time in flow on platelet activation in the bloodstream.  

We next investigated the effect of blood residence time in flow distal to the local site of thrombus 

formation on platelet activation and aggregation in the bloodstream. We found that the local thrombus 

formation on surfaces of immobilized collagen and tissue factor (collagen/TF) and BSA control 

surfaces at 1000 s-1 shear rate were not affected by addition of tubing downstream of the chambers 

(Figure 4.3A). We found that platelet CD62P expression and aggregation dramatically increased in 

whole blood as a function of residence time in flow downstream of the site of thrombus formation on 

collagen/TF as compared to BSA control surface (Figure 4.3B-D). Maximal platelet activation was 

achieved faster at longer residence times. For a distal residence time of 3.25 s, 10 min of local 

thrombus formation (perfusion time) was required to achieve activation of 47±7.7% of the platelets in 

the bloodstream.  

For a distal residence time of 15, 60 and 240 s, 8, 7 and 3 min of perfusion time was required to 

achieve activation of 73±3.0%, 72±1.6%, and 49±7.5% of the platelets in the bloodstream, 

respectively. Per 10000 single platelets, 1874±312 platelets formed microaggregates following 10 min 

of perfusion for a residence time of 3.25 s, 5671±625 platelets formed microaggregates by 10 min for a 

residence time of 15 s, 5164±606 platelets formed microaggregates by 10 min for a residence time of 

60 s, and 2782±582 platelets formed microaggregates by 3 min for a residence time of 240 s of blood 

residence in flow. Single platelet consumption increased as a function of residence time, with 78±3.3% 

of single platelets being consumed following 10 min of perfusion for a residence time of 3.25 s, 

whereas 99±0.1% of single platelets were consumed following 10 min of perfusion for residence times 

of either 15 s or 60 s, and 100±0.5% of single platelets were consumed by 4 min after 240 s of 

residence time. 
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Figure 4.3 Effect of distal residence time in flow on platelet activation in the bloodstream. 

Recalcified whole blood was perfused over collagen/TF or BSA-coated control surfaces for 10 min at 1000 s-1 shear rate. (A) 

Local platelet aggregates formed after 10 min of blood perfusion were evaluated by differential interference contrast (DIC) 

microscopy.  Samples were collected distally to local thrombus formation after 3.25, 15, 60 or 240 s of residence time in flow and 

(B) distal platelet activation, (C) microaggregate formation and (D) single platelet consumption over perfusion time (min) were 

assessed by FACS. Images and histograms are representative from each 3 fields of view from four different blood donors. 
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4.5.4 Thrombin mass transfer in flow distal to thrombus formation. 

Finite element simulations of thrombin mass transfer using COMSOL was used to study the 

effect of inlet shear rate and residence time on thrombin generation in the bloodstream distal to sites of 

local thrombus formation. We hypothesized that the level of platelet aggregate formation in the 

bloodstream would increase as a function of residence time. Our model incorporated the following 

steps: (i) thrombin mass transfer within the bloodstream from a single activated platelet towards 

quiescent platelets, and (ii) the transport of non-activated platelets towards increasing concentrations 

of thrombin within the bloodstream, resulting in platelet activation. Therefore, our model predicts that 

platelet aggregation in the bloodstream is proportional to the area of thrombin concentration plume 

generated by a cluster of activated platelets present in the blood flow along with the residence time of 

this cluster. 

Our model predicted that thrombin concentrations reach steady state both axially and radially 

within 15 seconds of residence time in flow at different shear rates (Figure 4.4A). Our simulations 

predicted that thrombin mass transfer in the bloodstream is dominated by convection and follows bulk 

flow. Thus, after 15 seconds of residence time in flow, the thrombin concentration profile in the axial 

direction starting from the platelet cluster would distribute farther at higher shear rates (Figure 4.4B). 

We used our model to estimate the mass transfer of thrombin 20 µm downstream of platelet clusters as 

a function of radius from the wall to the center of the channel. Our simulations predicted that higher 

shear rates lead to a moderately lower initial radial diffusion profile compared to lower shear rates 

(Figure 4.4C). Our model predicted that the probability of platelet activation in the bloodstream 

increases as a function of residence time. 
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Figure 4.4 Thrombin mass transfer in flow distal to thrombus formation. 

Thrombin distribution (mol/m3) in the bloodstream distal to local thrombus formation at increasing shear rates was simulated 

using COMSOL (A) over different residence time in flow; final residence time shown is 15 s. Predictions of (B) axial thrombin 

distribution from a platelet cluster in flow and (C) radial thrombin distribution from the wall to the channel center at different set 

shear rates after 15 s of residence time in flow. 
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4.5.5 Characterization of inhibitors of the coagulation cascade. 

We first verified the anticoagulant activity of pharmacological inhibitors of the coagulation 

cascade in an aPTT clotting assay using pooled platelet-poor human plasma. In this study we utilized 

the function-blocking FXI antibodies, 14E11 and 1A6, and the 

direct FXa inhibitor, rivaroxaban. 14E11 inhibits FXI 

activation by FXIIa, and 1A6 blocks FIX activation by FXIa 

and FXI activation by FXIIa.[141] Rivaroxaban reversibly 

binds to FXa via the S1 and S4 pockets and inhibits FXa serine 

protease activity.[357] The maximum aPTT prolongation with 

14E11 and 1A6 was observed at the concentrations above 3 

μg/ml (Figure 4.5A & B). Both 14E11 and 1A6 doubled the 

clotting time at a concentration of 1-2 μg/ml.  

The maximal inhibition of clotting time observed with 

1A6 (95 s) was somewhat longer than with 14E11 (85 s). The 

FXa inhibitor rivaroxaban inhibited clotting in a concentration-

dependent manner, doubling the aPTT at 300 nM (Figure 

4.5C). No saturating effect was observed for rivaroxaban up to 

a concentration of 800 nM. 

 

4.5.6 Study of local platelet deposition and aggregation on immobilized collagen. 

Next, we investigated platelet adhesion and aggregation on immobilized collagen in a flow 

chamber system in the presence of pharmacological agents targeting intrinsic or extrinsic coagulation 

pathway. We observed platelet recruitment to collagen-coated surfaces under arterial shear conditions 

(1000 s-1; Figure 4.6A).  

 

 
Figure 4.5 14E11, 1A6, and rivaroxaban 

prolonged the plasma clotting time.  
Pooled human plasma was incubated with 

increasing concentrations of (A) 14E11, (B) 

1A6 or (C) rivaroxaban for 10 min and aPTT 

was recorded, as described in Methods. 
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As expected, the presence of the anti-FXI antibodies, 14E11 or 1A6, or FXa-inhibitor 

rivaroxaban did not alter the volume or surface coverage of platelet aggregates as compared to vehicle-

treated controls (Figure 4.6B). 

 

 

 
Figure 4.6 14E11, 1A6, and rivaroxaban did not affect local platelet aggregate formation under flow. 

Recalcified whole blood was perfused over collagen-coated surfaces at 1000 s-1 shear rate. (A) Platelet aggregates formed on 

collagen surfaces in the presence of 14E11 (50 μg/ml), 1A6 (50 μg/ml) or rivaroxaban (100 nM). (B) Aggregate volume (left) 

and surface area (right) in the presence of 14E11 (top), 1A6 (middle) or rivaroxaban (bottom) at indicated concentrations. Images 

and histograms are representative from each 3 fields of view from two different blood donors. Scale bar = 20 μm. 
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4.5.7 Study of distal platelet activation and microaggregate formation in the blood downstream of 

sites of thrombus formation. 

We found that platelet CD62P expression dramatically increased in whole blood downstream of 

the site of thrombus formation on surfaces of immobilized collagen with maximal CD62P expression 

reaching 7.8±1.0% upstream vs. 75.1±4.5% downstream of the flow (Figure 4.7A). We next 

investigated the role of contact activation of the coagulation cascade in promoting distal platelet 

activation. Treatment of blood with the function-blocking FXI-antibody, 14E11, inhibited CD62P 

expression, with the maximum inhibitory effect of 14E11 recorded at 10 μg/ml (75.1±4.5% vs. 

25.6±6.7% in the presence of PBS or 14E11, respectively).  

The function-blocking FXI-antibody, 1A6, reduced CD62P expression in a concentration-

dependent manner and reached a maximum inhibition at 50 μg/ml (76.3±3.5% vs. 24.8±2.6% in the 

presence of PBS or 1A6, respectively). Platelet CD62P levels were reduced in the presence of the FXa-

inhibitor 100 nM rivaroxaban by over 50% (42.4±6.6% vs. 17.8±0.67% in the presence of DMSO or 

rivaroxaban, respectively).  

Moreover, treatment of blood with the direct thrombin inhibitor, melagatran, was found to inhibit 

platelet CD62P expression to basal levels (45.0±4.9% vs. 13.7±2.2% in the presence of DMSO or 

melagatran, respectively). Treatment of whole blood with the TRAP-6 induced comparable levels of 

platelet CD62P expression in the presence of vehicle, 14E11, 1A6, rivaroxaban, or melagatran. 

We next analyzed downstream samples for the presence of platelet microaggregates. Previous 

studies have shown that FACS-analysis of whole blood samples can detect platelet microaggregates 

based on their characteristic forward scatter and fluorescence profiles,[360,361] although these and 

other studies were confined to the study of platelet activation and aggregation in closed systems.  
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Figure 4.7 FXI and FXa inhibitors abrogated distal platelet CD62P expression and microaggregate formation under shear. 

Whole blood, treated with 14E11, 1A6, rivaroxaban or melagatran at indicated concentrations, was perfused over a collagen-

coated chambers immediately after recalcification; PBS or DMSO was used as vehicle. In parallel, whole blood samples were 

collected after treatment with vehicle or inhibitor, and incubated with TRAP-6 (10 μg/ml) or vehicle for 5 min. Data are reported 

as (A) mean ± SEM percentage of CD62P-positive platelets, or (B) mean ± SEM platelet microaggregate count versus 104 gated 

single platelets in gated population of at least three experiments. The maximal CD62P expression levels or microaggregate counts 

after 5 mins of perfusion are shown in the graphs for each treatment. 
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As shown in Figure 4.7, our platform was used to measure the formation of platelet 

microaggregates in the bloodstream sampled distal to the site of thrombus formation (~1500 or 850 

aggregates/104 single platelets in PBS or DMSO, respectively). We found that platelet microaggregate 

formation was significantly decreased by over 50% in the presence of the function-blocking FXI 

antibodies, 14E11 or 1A6, and by over 70% in the presence of the FXa inhibitor rivaroxaban or direct 

thrombin inhibitor melagatran as compared to vehicle (Figure 4.7B). Taken together, we demonstrate 

the utility of a measurement platform to study the effects of local activation of the coagulation cascade 

on the promotion of distal platelet activation and microaggregate formation in the bloodstream. 

 

4.6 Discussion 

At sites of vessel injury, thrombin generation is reaction rate limited by the conversion of 

zymogens to active enzymes following the assembly of coagulation factor complexes on the activated 

platelet surface.[6] The supply of reactants in the form of quiescent platelets and coagulation factors is 

in excess due to blood flow to the growing hemostatic plug. Thus, the ratio of the reaction rate to the 

convective mass transport rate, as defined by the Dahmköhler number (Da), is high (Da>1).[22] Thus, 

for reactions catalyzed by the activated platelet surface within the growing hemostatic plug, such as the 

FXa and thrombin generation, the flow time scale is the rate limiting step as compared to the chemical 

time scale. Model systems have shown that the activation of FX under shear flow increases with the 

one-third power of shear rate, in agreement with a convection-limited reaction.[305] Meanwhile, the 

process of local thrombus formation at sites of vessel injury is sensitive to the presence of cofactors 

that form the tenase and prothrombinase complexes to drive thrombin generation, such as the 

coagulation (F) factors IX and VIII, respectively, as evidenced by the bleeding phenotype observed for 

patients with a deficiency or dysfunction of FIX or FVIII.[362] 
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In contrast, free-flowing platelets within the bloodstream present a unique 3-dimensional spatial 

distribution as compared to platelets recruited and bound to a growing thrombus on the blood vessel 

wall. We have previously shown that the physical parameter of spatial separation, defined as the cubic 

root of the volume per cell, provides a measure of the average linear separation between nearest 

neighbor cells, and dominates the control of coagulation kinetics for cells in flow.[363] Our previous 

work demonstrated that the spatial separation of procoagulant surfaces in the circulation, as calculated 

from carrier count of either TF-coated beads or TF-expressing cells, strongly correlated with their 

procoagulant and prothrombotic activity.[363] The results presented in the current study suggest that 

the probability of platelet activation in the bloodstream increases as a function of residence time distal 

to sites of thrombus formation. Moreover, our work suggests that activation of the coagulation factors 

XI and X play a key role in promoting thrombin generation, platelet activation and microaggregate 

formation in the bloodstream.[316] 
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 Coagulation factor XI promotes distal platelet activation and single platelet 

consumption in the bloodstream under shear flow 

Jevgenia Zilberman-Rudenko, Asako Itakura, Chantal P. Wiesenekker, Ralf Vetter, Coen Maas, David 

Gailani, Erik I. Tucker, András Gruber, Christoph Gerdes, Owen J. T. McCarty 

 

5.1 Abstract 

Objective: Coagulation factor XI (FXI) has been shown to contribute to thrombus formation on 

collagen or tissue factor (TF)-coated surfaces in vitro and in vivo by enhancing thrombin generation. 

Whether the role of the intrinsic pathway of coagulation is restricted to the local site of thrombus 

formation is unknown. This study was aimed to determine whether FXI could promote both proximal 

and distal platelet activation and aggregate formation in the bloodstream. 

Approach and Results: Pharmacological blockade of FXI activation or thrombin activity in blood 

did not affect local platelet adhesion, yet reduced local platelet aggregation, thrombin localization and 

fibrin formation on immobilized collagen and TF under shear flow, ex vivo. Downstream of the 

thrombus formed on immobilized collagen or collagen and 10 pM TF, platelet CD62P expression and 

microaggregate formation and progressive platelet consumption were significantly reduced in the 

presence of FXI-function blocking antibodies or a thrombin inhibitor in a shear rate- and time-

dependent manner. In a non-human primate model of thrombus formation, we found that inhibition of 

FXI reduced single platelet consumption in the bloodstream distal to a site of thrombus formation. 

Conclusions: This study demonstrates that the FXI-thrombin axis contributes to distal platelet 

activation and procoagulant microaggregate formation in the blood flow downstream of the site of 

This work was originally published by the American Heart Association, 

Arteriosclerosis, Thrombosis, and Vascular Biology, 2016;36(3):510-517. 

Permission is not required by the publisher for this type of use. 
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thrombus formation. Our data highlights FXI as a novel therapeutic target for inhibiting distal 

thrombus formation without affecting proximal platelet adhesion. 

 

5.2 Introduction 

Studies in this chapter utilize an ex vivo flow system described in Chapter 4 and examine the role 

of coagulation factor (F)XI in platelet activation and consumption in the bloodstream distal from a site 

of thrombus formation. The results demonstrate that activation of the FXI axis plays a key role in 

distal platelet activation and microaggregate formation in solution downstream of thrombus formation 

under both venous and arterial shear flow. In addition to its anticoagulant role, pharmacological 

targeting of FXI may be useful in mitigating platelet activation and therefore prevent platelet-driven 

amplification of platelet aggregate and thrombi formation in prothrombotic conditions involving direct 

contact pathway agonists and widespread vascular injury. 

 

5.3 Background 

Platelets and coagulation factors are two essential components of hemostasis. Upon vessel injury, 

resting platelets are immediately recruited to the exposed extracellular matrix under shear flow, 

followed by platelet adhesion and activation.[354] Platelet activation triggers the surface expression of 

CD62P (P-selectin) from α-granules, and the conversion of integrin αIIbβ3 to its active conformation, 

potentiating homotypic aggregate formation via fibrinogen binding. In parallel, activation of the 

coagulation cascade leads to thrombin generation, which cleaves fibrinogen to fibrin to stabilize the 

hemostatic plug. Thrombin is also able to activate platelets through protease-activated receptors 

(PARs) and thus accelerate the activation of both hemostatic components.  

Coagulation factor XI (FXI) participates in the intrinsic pathway, whereby activated FXI (FXIa) 

triggers the downstream activation of factor IX (FIX), which in turn activates factor X (FX). FXa then 

converts prothrombin to thrombin. Thrombin can directly activate FXIa to perpetuate its own 
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generation, thereby creating a procoagulant feedback loop of thrombin generation driven by FXI-

thrombin axis.[139,364,365] To date, however, it is not clear whether the FXI-thrombin axis facilitates 

platelet activation and consumption in blood flow under prothrombotic conditions.  

 The aim of this study was to define the role of the FXI-thrombin axis in promoting platelet 

activation and aggregation at the site of, and distal to, thrombus formation under shear flow. We show 

that inhibition of FXIIa activation of FXI or thrombin activity abrogated platelet CD62P expression 

and microaggregate formation under both venous and arterial shear flows downstream of the site of 

thrombus formation on collagen and 10 pM TF. In vivo, inhibition of FXI also reduced single platelet 

consumption in the bloodstream distal to a site of thrombus formation. These results provide the first 

evidence of a role for FXI in mediating platelet activation and platelet aggregate formation 

downstream of the site of thrombus formation. 

 

5.4 Materials and Methods 

5.4.1 Reagents 

Anti-factor XI antibodies 1A6, 14E11 and 10C9 were generated as described.[139–141] Plasmin 

and corn trypsin inhibitor (CTI) were from Enzyme Research Laboratories, Inc., hirudin from Hypen 

Biomed, Phe-Pro-Arg-chloromethylketone (PPACK) from Santa Cruz, fibrillar collagen from Chrono-

Log Corp, lipidated tissue factor (TF; Dade® Innovin® PT reagent) from Siemens, and ellagic acid 

(aPTT reagent) from Pacific Haemostasis. Rabbit anti-fibrinogen antibody was from Cappel MP 

Biomedicals, LLC, anti-rabbit-AF350 from Life technologies, anti-CD41-PE and anti-CD62P-APC 

were from BD Pharmingen, CD31-eFluor450 was from eBioscience. Anti-thrombin API (H-85) 

antibody was from Santa Cruz Biotech and anti-integrin αIIb from Abnova. FXI- and FXII-depleted 

plasmas were from Haematalogic Technologies Inc. All other reagents were from Sigma-Aldrich, Inc. 

or previously named sources.[245] 
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5.4.2 Blood collection, preparation of plasmas and clotting times 

Human venous blood was drawn by venipuncture from healthy adult volunteers into sodium 

citrate in accordance with the OHSU Institutional Review Board. Platelet-poor plasma (PPP) was 

prepared by centrifugation of citrated whole blood (in 0.32% w/v sodium citrate) from three separate 

donors at 2150×g for 10 min. Further centrifugation of the plasma fractions at 2150×g for 10 min 

yielded PPP, which was then pooled and stored at −80°C until use. 

Clotting times of human whole blood or PPP were measured with a KC4 Coagulation Analyzer 

(Trinity Biotech PLC, Bray, Ireland). Samples were pretreated at room temperature (RT) for 3 min 

with blocking FXI antibodies 1A6 (50 μg/mL), 14E11 (50 μg/mL), 10C9 (50 µg/mL), FXII inhibitor 

CTI (40 µg/mL), or thrombin inhibitor hirudin (25 µg/mL) followed by incubation with activated 

partial thromboplastin time (aPTT) or prothrombin time (PT) reagent at 37°C, and clotting time was 

recorded. For aPTT assays, coagulation was initiated by the addition of Ca2+ (16.6 mM final). In select 

experiments, FXI- or FXII-depleted plasmas were used. 

5.4.3 Ex vivo flow experiments 

Glass capillary tubes/chambers (0.2×2×200 mm; VitroCom) were coated as described 

previously.[283] Surfaces were blocked with 5 mg/mL denatured bovine serum albumin (BSA) for 1 h 

prior to assembly into a flow system as shown in Figure 5.2A. Sodium citrate (0.38% w/v) 

anticoagulated whole blood was recalcified and perfused through the chamber for 10 min at an initial 

wall shear rate (300 or 1000 s-1). Downstream samples were collected directly into 100 µM PPACK 

and 1.5% w/v sodium citrate (1 tube/min of perfusion) to final 50% dilution and evaluated using 

fluorescence-activated cell sorting (FACS). The initial shear rates were set by Harvard Apparatus PHD 

2000 pump. Top loaded pump-driven syringes were connected to wells with blood via rubber washers 

which would disengage from the well upon pressure built up. 
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5.4.4 Microscopy 

After blood perfusion, glass capillaries were washed with phosphate-buffered saline (PBS) and 

Hepes/Tyrode buffer (136 mM NaCl, 2.7 mM KCl, 10 mM Hepes, 2 mM MgCl2,  0.1% BSA; pH7.4) 

containing 1.5% sodium citrate and 100 µM PPACK, followed by incubation with blocking buffer (1% 

BSA, 1% FCS in Hepes/Tyrode buffer) for 30 min. Glass capillaries were incubated with rabbit anti-

serum against human fibrinogen (1:100) for 10 min and washed with PBS followed by an incubation 

with CD41-PE (1:50), CD62-FITC (1:50), and goat anti-rabbit Alexa Fluor 350 (1:500) in dark for 10 

min.  Glass capillaries were washed with PBS, fixed with paraformaldehyde (PFA 4%), and sealed 

with mounting media. Samples were analyzed on a Zeiss Axio Imager 2 microscope 6 (Carl Zeiss 

MicroImaging GmbH, Germany) 

5.4.5 Western blots 

Thrombi formed on collagen/TF were lysed for 5 min with 1× lysis buffer (10 mM Tris, 150 mM  

NaCl, 1 mM EGTA, 1 mM EDTA, 1% NP-40, 2 mM PMSF and 10 U DNAse I) at 4oC, followed by 

treatment with 1 μM plasmin for 40 min at RT. Local fibrin deposition was evaluated by separating 

combined eluate samples on non-reducing SDS–PAGE gels, transferring to PVDF membrane and 

immunoblotting with rabbit anti-fibrinogen followed by anti-rabbit-HRP. Local platelet deposition and 

thrombin content was similarly evaluated by separating combined eluate samples on separate reducing 

SDS–PAGE gels and immunoblotting for CD41 or thrombin. Proteins were detected using ECL. 

5.4.6 FACS analysis 

Pre- and post-chamber blood samples were collected into 100 µM PPACK and 1.5% w/v Na-

citrate (1:1, v:v) and incubated with 1:50 dilution antibodies for 30 min at RT. Reactions were fixed by 

diluting 1:10 with RT 12.5% CytofixBD. 10,000 single platelets were determined by a PE-conjugated 

platelet marker CD41a and the characteristic forward and side-scatter scatter patterns via FACS (Canto 

II; BD Biosciences, Heidelberg, Germany). Platelet CD62P expression levels and single platelet 
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consumption were determined as previously described.[284] Microaggregate formation was 

determined by the upshift in fluorescence intensity in CD31/CD41a double-positive events. 

5.4.7 In vivo thrombosis model 

Twenty four nonterminal studies were performed using twelve male baboons (Papio anubis, 9-11 

kg). All studies were approved by the Institutional Animal Care and Use Committee of Oregon Health 

& Science University. Thrombosis experiments were conducted as previously described.[285,286] 

Briefly, a prosthetic vascular graft segments (4 mm internal diameter x 20 mm length, expanded-

polytetrafluoroethylene; W. L. Gore & Associates, Flagstaff, AZ) coated with either collagen or BSA 

as control were acutely introduced into chronic femoral arteriovenous shunts as shown in Fig.6A, and 

exposed to blood flow. The flow rate through the graft was restricted to 100 mL/min (measured by the 

Transonics Systems flow meter, Ithaca, NY) by clamping the proximal shunt segment, thereby 

producing initial mean wall-shear rates of 265 s−1. Local thrombus formation was assessed in real time 

with quantitative gamma camera imaging of radiolabeled platelet accumulation within the graft 

segment. 

5.4.8 Assessment of distal platelet consumption in in vivo thrombosis model 

Samples were collected distal to the graft from the bloodstream adjacent to the vessel wall 

(intraluminal boundary layer) into 3.8% w/v Na-citrate (1:9, v:v) before graft deployment (0 min), and 

then at 10 and 20 minutes. Blood was collected at a rate of 100 μL/min during 10-minute intervals 

through a 0.64-mm id port located 10 mm distal to the graft as shown in Figure 5.4A. To maintain 

patency of the sampling port, PPACK (1 mM), which inhibits thrombin and other coagulation 

proteases,[287] was infused at a rate of 20 μL/min into a second 0.64-mm id port located 3 mm 

proximal to and in line with the collection port. Anticoagulant infusion and local blood sampling were 

regulated using syringe pumps (Harvard Apparatus, Holliston, MA). Platelet counts were determined 

using a micro-60 automated cell counter (Horiba ABX Diagnostics, Montpellier, France). 
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5.4.9 Data analysis  

Data are shown as mean±SEM. Statistical significance of differences between means was 

determined by ANOVA. If means were shown to be significantly different, multiple comparisons were 

performed by the Tukey test. Probability values of P < 0.05 were selected to be statistically significant. 

 

5.5 Results 

5.5.1 Role of FXII and FXI in clotting times 

Our initial experiments were designed to evaluate the anticoagulant activity of FXI function-

blocking antibodies, FXII inhibitor (CTI) and thrombin inhibitor (hirudin) in recalcified whole blood 

and platelet-poor plasma (Figure 5.1). Inhibition of FXI activation by FXIIa and FIX activation by 

FXIa with the function-blocking FXI-antibody (FXI-Ab 1A6) nearly tripled the aPTT in whole blood 

(47.8±5.6 s) to 126.9±15 s. 

 

 

Figure 5.1 Role of FXII and FXI in clotting times. 

Recalcified whole blood (A, D), pooled human plasma (PPP; B, E)  

or coagulation-factor depleted plasma (C, F) was incubated with indicated FXI function blocking antibody, FXII inhibitor (CTI) or 

direct thrombin inhibitor (hirudin). aPTT (A-C) or PT (D-F) was recorded as described in Methods. *indicates significantly different,  

p < 0.05, clotting time vs. vehicle (mean±SEM). 
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Inhibition of FXI activation by FXIIa (FXI-Ab 14E11) or the neutralization of the FXIa active 

site (FXI-Ab 10C9) or inhibition of FXII activity (CTI) prolonged aPTT to 98.3±12.2 s, 87.9±3.3 s, 

and 94.2±6.9 s, respectively (Figure 5.1A). As expected, none of the inhibitors, except for the direct 

thrombin inhibitor (hirudin), were able to prolong PT in whole blood (Figure 5.1D). Similar results 

were seen in aPTT and PT assays using platelet-poor pooled human plasma (Figure 5.1B&E).  

Moreover, aPTTs were prolonged to 162.3±1.9 and 212.6±2.4 s using FXI- and FXII-immuno-

depleted plasmas, respectively (Figure 5.1C), while PTs were slightly prolonged to 14.1±0.3 s and 

15.2±0.1 s, respectively (Figure 5.1F). 

 

5.5.2 FXIa activity promotes local fibrin formation under shear 

We next studied the role of FXI activation in local platelet deposition and fibrin formation under 

physiologically relevant shear flow conditions. Robust platelet adhesion, aggregation and fibrin 

formation was observed following the perfusion of recalcified whole blood over surfaces coated with 

collagen (Figure 5.2A&B).  

Both the rate and the extent of fibrin formation were enhanced on surfaces coated with collagen 

and tissue factor (TF; 0.01–0.1 nM), as visually recorded using differential interference contrast and 

fluorescence microscopy (Figure 5.2C&D and Figure 5.3A&B). TF alone (0.01–0.1 nM) yielded 

robust fibrin networks largely absent of platelets (Figure 5.3A&B). Inhibition of FXI activation by 

FXIIa and FIX activation by FXIa with FXI-Ab 1A6, or inhibition of FXIIa activity with CTI, 

decreased fibrin formation on collagen or surfaces coated with collagen and 0.01 nM TF or TF alone 

(Figure 5.2A&B and Figure 5.3A&B). Hirudin prevented fibrin formation on all surfaces, while CTI 

had no effect on surfaces coated with collagen and 0.1 nM (Figure 5.2C&D). 

These results were confirmed by analyzing the degree of fibrin formation and platelet deposition 

by Western blotting following clot lysis with plasmin for the fibrin degradation product, D-dimer, and 

the CD41a platelet surface marker (Figure 5.2E&F and Figure 5.3C). 
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Figure 5.2 FXIa activity promotes local fibrin formation under shear.  

Recalcified whole blood was perfused over collagen (A&B) or collagen and 0.1nM TF (C&D) for indicated times at a shear rate 

of 300 s-1. Images of local thrombi formed at each time point in the presence of vehicle control, 50 μg/mL 1A6 or 40 μg/mL CTI 

were recorded using differential interference contrast (A&C) or fluorescent light microscopy (B&D) after staining for fibrin 

(blue) and P-selectin (green). In parallel experiments, thrombi were lysed and immunoblotted for the fibrin degradation product, 

D-dimer, thrombin and the platelet surface receptor, CD41a (E&F). 
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Interestingly, we were able to detect thrombin in local thrombus lysates, and found that the 

increasing levels of clot-bound thrombin correlated with D-dimer levels. We found that inhibition of 

FXI activation by FXIIa with 14E11 reduced fibrin formation on collagen alone, while neither 14E11 

nor the FXIa active site domain-neutralizing antibody, 10C9, affected fibrin formation on surfaces 

coated with collagen and 0.1 nM TF (Figure 5.3C). Control experiments using the thrombin inhibitor, 

hirudin, were shown to eliminate fibrin formation and the presence of clot-bound thrombin on all 

surfaces. 

 

 
 

Figure 5.3 FXIa activity promotes local thrombus formation in the presence of collagen and/or TF.  

Recalcified whole blood pretreated with either vehicle, 1A6, CTI or hirudin was perfused over chambers coated with collagen, 

collagen + 0.01 – 0.1 nM TF or 0.01 - 0.1 nM TF alone at shear rate of 300 s-1. Images of local thrombi formed at final 10 min of 

perfusion were recorded using differential interference contrast (A) or fluorescent light microscopy (B) after staining for fibrin 

(blue) and P-selectin (green). Local thrombi formed within chamber by 20 min of perfusion on collagen alone or by 10 min of 

perfusion on collagen and TF or TF alone were lysed and immunoblotted for the fibrin degradation product, D-dimer, thrombin 

and the platelet surface receptor, CD41a (C). 
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5.5.3 Propagation of distal platelet activation and single platelet consumption under shear in flow 

We next designed a platform to determine whether local fibrin formation and thrombin 

generation at sites of thrombus formation promoted distal platelet activation and aggregate formation 

in the bloodstream. As shown in Figure 5.4A, a set length of tubing was added downstream of the 

chamber to allow platelets to react in flow for a set time (residence time) prior to being collected at 1 

min intervals into tubes containing PPACK and sodium citrate.  

 

  

 
 

Figure 5.4 Propagation of distal platelet activation and single platelet consumption under shear in flow.  

Recalcified whole blood was perfused through a 200 mm chamber (coated with either BSA or 150 μg/mL collagen + 0.1 nM TF) 

before being collected downstream after indicated residence time in flow (A). Downstream samples were collected into a reaction 

quenching solution at 1 min intervals, immunostained and evaluated by FACS flow cytometry for percent platelet activation 

(CD41a+/CD62P+ events), platelet microaggregate formation (high fluorescence intensity CD41a+/CD31+ evets) and single 

platelet consumption (loss of single platelet population gate on FSC by SSC scatter). Representative raw FACS scatter plots (B) 

and quantification of distal samples (C), upstream sample (0 min) and TRAP-6-treated positive control (D) for at least three 

experiments are reported (mean±SEM). 
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Distal single platelet consumption (reduction of single platelet population in the bloodstream), 

platelet activation (CD62P expression), and platelet microaggregate formation in solution 

(CD41a/CD31 high positive) was quantified using flow cytometry (Figure 5.4B). In parallel, untreated 

upstream samples were collected and analyzed to define the baseline parameters (time = 0 min), or 

stimulated with thrombin receptor activator peptide-6 (TRAP 6) to induce maximal platelet activation 

or microaggregate formation as a positive control (94.3±0.3% P-selectin activation, 47.6±2.4% 

microaggregate formation, and 77.2±3.6% single platelet consumption; mean±SEM). 

Our results show that platelet P-selectin expression, microaggregate formation and single platelet 

consumption increased as a function of residence time in whole blood samples downstream of 

chambers coated with collagen and 0.1 nM TF (Figure 5.4). In contrast, an increase in platelet 

activation, microaggregate formation or single platelet consumption was not observed downstream of 

BSA-coated chambers.  

At a set residence time of 30 sec, we observed an increase in platelet activation, microaggregate 

formation and single platelet consumption as a function of perfusion times downstream of chambers 

coated with collagen (Figure 5.5A). The inclusion of 0.01–1.0 nM TF with collagen coatings 

significantly increased both the rate and extent of platelet activation and microaggregate formation. It 

should be noted that the presence of TF dramatically increased the rate of single platelet consumption, 

resulting in over a 95% loss of single platelets by 8, 4 and 2 min for 0.01 nM, 0.1 nM and 1 nM TF, 

respectively, leading to grossly visible insoluble clot formation in flow in the distal samples. A drop in 

the percent of activated platelets and microaggregates was observed at these time points, reflective of 

the consumption of single platelets and microaggregates into downstream clots.  

Inhibition of platelet GPIIb-IIIa homodimer formation with eptifibatide increased circulating levels of 

single activated platelets and decreased microaggregate formation and single platelet consumption 

downstream of collagen-coated chambers.  
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Similarly, the prevention of clot formation in solution downstream of collagen with 0.1 nM TF-

coated chambers with eptifibatide resulted in a continued increase in circulating activated platelet 

levels beyond 4 min and attenuated both microaggregate formation and single platelet consumption, 

presumably sustained by fibrin agglutination (Figure 5.5B).  

 

 

5.5.4 FXIa activity promotes distal platelet activation and consumption in the presence of collagen 

and TF 

To examine the role of FXI activation in promoting distal platelet activation, whole blood was 

pretreated with the function-blocking FXI antibodies (1A6, 14E11 or 10C9), FXIIa inhibitor (CTI) or 

the thrombin inhibitor (hirudin) prior to perfusion through flow chambers coated with either collagen, 

TF, a combination of collagen and TF (0.01–0.1 nM), fibrinogen, thrombin, or VWF. Distal samples 

 

 

Figure 5.5 Presence of collagen and TF promotes distal platelet consumption.  

Recalcified whole blood was perfused through a 200 mm chamber (coated with either BSA, collagen or collagen + 0.01 – 1.0 nM 

TF) and allowed to react in flow for 30 sec (residence time) before being collected into a reaction quenching solution at 1 min 

intervals. Quantification of platelet activation, microaggregate formation and single platelet consumption using FACS (A) for at 

least five experiments are reported (mean±SEM). In parallel experiments, whole blood was pretreated with a GPIIb-IIIa inhibitor, 

Eptifibatide (B). 
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were collected downstream after 30 sec of residence time. We found that collagen, whether alone or in 

combination with TF, promoted the greatest degree of distal platelet activation and consumption as 

compared to TF alone, fibrinogen, thrombin or VWF (Figure 5.6 & Figure 5.7).  

 

Our results show that inhibition of FXIIa activation of FXI, FXIa activation of FIX and FXIa 

activity with 14E11, 1A6 and 10C9, respectively, or FXIIa activity with CTI eliminated platelet 

activation, microaggregate formation and single platelet consumption downstream of collagen-coated 

chambers (Figure 5.6A). Exposure of blood to collagen in combination with increasing concentrations 

of TF drastically accelerated the rate and the extent of distal platelet activation, microaggregate 

formation and consumption (Figure 5.6B&C).  

 

 
 

Figure 5.6 FXIa activity promotes distal platelet activation and consumption in the presence of collagen and / or  low levels 

of TF. 

Recalcified whole blood pretreated with either vehicle, 1A6, 14E11, 10C9, CTI or hirudin was perfused over chambers coated 

with collagen, collagen + 0.01 – 0.1 nM TF, or 0.01 – 0.1 nM TF alone at shear rate of 300 s-1. Samples were collected 

downstream of the chamber; distal microaggregate formation and single platelet consumption was assessed by FACS (A-E). 

Results (mean±SEM) from at least 4 experiments. 
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Figure 5.7 FXIa activity in local and distal platelet aggregation in the presence of VWF, Fibrinogen and Thrombin coated 

surfaces. 

Recalcified whole blood pretreated with either vehicle, 1A6, CTI or hirudin was perfused over chambers coated fibrinogen, 

thrombin or with von Willebrand Factor (VWF) at shear rate of 300 s-1. Images of local thrombi formed by 10 minutes of 

perfusion were recorded using differential interference contrast (A) or fluorescent light microscopy (B) after staining for fibrin 

(blue) and P-selectin (green). In parallel experiments, thrombi were lysed and immunoblotted for the fibrin degradation product, 

D-dimer, thrombin and the platelet surface receptor, CD41a (C). Samples were collected downstream of the chamber; distal 

microaggregate formation and single platelet consumption was assessed by FACS (D). Results (mean±SEM) from at least 4 

experiments. 
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In contrast to collagen alone, only the FXI 

inhibitor 1A6 attenuated the rate of platelet 

consumption in the presence of higher levels TF 

(0.1 nM), while both 1A6 and CTI were able to 

significantly reduce the rate of platelet 

consumption in the presence of lower levels of 

TF (0.01 nM; Figure 5.6D&E).  

Hirudin dramatically reduced the degree 

of distal platelet activation, microaggregate 

formation and single platelet consumption 

regardless of local TF concentration.  

A similar mechanism was observed when 

the shear rate was increased to 1000 s-1 (Figure 

5.8A&B).  

These results suggest a role for the contact 

activation pathway in the initial amplification of 

thrombin generation downstream of sites of 

thrombus formation under flow. 

 

 

 

 

  

 
Figure 5.8 FXIa activity promotes distal platelet activation 

and consumption in the presence of collagen and TF under 

arterial shear rate. 

Recalcified whole blood pretreated with either vehicle, 1A6, 

CTI or hirudin was perfused over chambers coated with 

collagen or collagen + 0.1 nM TF at shear rate of 1000 s-1. 

Local thrombi formed within chamber at indicated perfusion 

times were lysed and immunoblotted for the fibrin degradation 

product, D-dimer, thrombin and the platelet surface receptor, 

CD41a (A). Samples were collected downstream of the 

chamber; distal microaggregate formation and single platelet 

consumption was assessed by FACS (B). Results (mean±SEM) 

from at least 4 experiments. 
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5.5.5 Protection of 1A6-treated baboons from collagen-initiated distal single platelet consumption 

To examine the role of FXI 

activation in promoting distal platelet 

consumption in non-human primate 

baboon model, blood was collected 

distally from acutely introduced collagen-

coated or control BSA-coated grafts in 

animals with chronic high flow 

arteriovenous shunts (Figure 5.9A). In line 

with the results shown in Figure 5.5A, 

exposure of blood to collagen in vivo 

accelerated the rate and the extent of distal 

single platelet consumption as compared 

to BSA controls.  

Our data demonstrates that inhibition 

of FXI activity with 1A6 treatment 

reduced distal single platelet consumption 

at 20 min of perfusion by fifty percent (p 

= 0.0180, n = 6; Figure 5.9B). Taken 

together with our previous studies 

demonstrating that inhibition of FXI prevented occlusion of collagen-coated grafts in a non-human 

primate model of thrombosis without increasing bleeding times,[142] our data provides rationale for 

the development of anti-FXI therapeutics for the prevention of thrombotic distal complications. 

 

Figure 5.9 Protection of 1A6-treated baboons from collagen-

initiated distal single platelet consumption.  

4-mm internal diameter expanded-polytetrafluoroethylene (ePTFE) 

vascular graft was deployed into a chronic high flow arteriovenous 

(AV) shunt in healthy baboons. ePTFE was coated with either BSA or 

collagen and blood samples were drawn from the intraluminal 

coagulation marker concentration boundary layer by a syringe pump 1 

cm downstream from acutely developing thrombi. 1 mM PPACK 

anticoagulant was infused at 1/5th of the sample extraction rate 3 mm 

proximal to the sample port to prevent the sample port from occluding 

during the 1-hour study. Blood flow through the graft was maintained 

at a fixed rate of 100 mL/min for the entirety of each study by 

proximal clamping (A). Quantification of the six separate animal 

experiments for each treatment (mean±SEM) are reported (B). 

Significant rise in percent single platelet consumption immediately 

distal to collagen-coated ePTFE was seen between 10 to 20 min of 

perfusion in control animals (*, p = 0.0283; n = 6). 1A6-treated 

baboons maintained same single platelet levels at 20 min as at 10 min 

of perfusion (p = 0.9530; n = 6) significantly different from control at 

20 min of perfusion (**, p = 0.0180; n = 6). 
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5.6 Discussion 

Coagulation FXI is an intrinsic pathway enzyme with an elusive role in normal hemostasis and 

mounting evidence for roles in thrombosis. Clinically, FXI deficiency is associated with only mild and 

injury-related bleeding, whilst elevated levels of FXI are associated with an increased risk for 

thrombotic complications.[366–368] Patients deficient in the other members of the contact pathway, 

namely FXII and prekallikrein, do not exhibit bleeding complications, suggesting that FXI may play a 

role in hemostasis through feedback activation by thrombin.[243,369–371] Moreover, activated FXI is 

able to activate FIX, FX, FV, and FVIII, bind platelets and inhibit tissue factor pathway inhibitor 

(TFPI).[245,246,372,373] FXI therefore acts to amplify thrombin via multiple pathways, providing 

rationale for the inhibition of FXI-mediated thrombin generation as an antithrombotic therapy design. 

For instance, a phase 2 clinical trial reducing FXI levels using FXI-antisense oligonucleotide 

demonstrated decreased incidence of deep venous thrombosis (DVT) after knee replacement surgery. 

While the study showed that reduction of FXI levels prevented venous thrombosis, translational 

approaches targeted at FXI may sacrifice the hemostatic function of FXI, increasing the risk of 

bleeding.[374,375] Thus, a better understanding of the role of FXI in thrombosis and hemostasis is 

required for the rational development of agents that target specific enzymatic functions of FXI, 

balancing safety with efficacy. 

The biophysics of thrombus formation at a site of vascular injury has been well 

described,[272,376,377] in which blood flow dictates the transport kinetics of blood cells and 

coagulation factors to the site of injury, and thrombin generation is rate limited by the assembly and 

sequential activation of coagulation factors on the surface or activated platelets. Thus, the Dahmköhler 

number (Da), which is the ratio of the rate of reaction to the rate of transport,[22] is high (Da>1). In 

contrast, within the bloodstream, the kinetics of platelet activation and thrombin generation are 

diffusion limited, as platelets in the bloodstream experience limited relative blood flow, as cells in 

suspension are transported by viscous forces within the bloodstream, resulting in a low Da (<1). Our 
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study demonstrates that FXI plays a differential role in promoting thrombin generation, platelet 

activation and aggregate formation in the bloodstream (diffusion-limited regime) relative to the site of 

thrombus formation (transport-limited regime).  

Previously, we have demonstrated that inhibition of FXI activation by FXIIa is protective in a 

non-human primate model of local thrombus formation specifically due to a decrease in local thrombin 

generation and fibrin formation.[140,142,378] However, the mechanism by which the FXIa-thrombin 

axis may contribute to formation of platelet aggregates in flowing blood and distal microvascular 

occlusions under proximal procoagulant conditions has not been explored. In this study we 

investigated downstream changes in platelets in whole blood following passage through collagen- or 

collagen and TF-coated flow chambers. Our results demonstrate that local thrombus formation on 

immobilized collagen and TF potentiated platelet activation in the bloodstream, resulting in the rapid 

formation of platelet aggregates in the bloodstream, which may hold potential to occlude downstream 

vessels. This process of distal platelet activation was directly dependent on thrombin activity. 

Inhibition of FIX activation by FXIa with the FXI-Ab 1A6 was protective against distal single platelet 

consumption in the bloodstream both in vitro and in vivo, providing an additional role for FXI in 

thrombotic complications.  

It has been established that the health of microvessels plays an important role in maintaining 

unobstructed blood flow to organs. Aging vessels are stiffer and more tortuous due to many factors 

including atherosclerosis plaque buildup, hypertension-driven vessel wall remodeling, smoking and 

diabetes, which predispose them to aberrant blood flow, platelet activation and thrombosis.[379] The 

physical biology of the microvasculature promotes increased platelet-platelet and platelet-endothelial 

cell interactions.[380,381] Additionally, the reduced flow rates within venules serves to increase the 

residence time of circulating platelets within these vascular beds. In patients, introduction of a vascular 

injury, such as a surgical incision during a joint replacement followed by stasis due to patient 

immobility post-operation, may result in a local burst of thrombin generation.[382,383]  
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Under conditions described above, our findings would suggest that FXI-dependent thrombin 

amplification and activation of platelets potentiates platelet microaggregate formation which may then 

occlude the microvascular networks. Our results demonstrate that activation of the FXI axis plays a 

key role in distal platelet activation and microaggregate formation in solution downstream of thrombus 

formation under both venous and arterial shear flow. Thus, in addition to its anticoagulant role, 

pharmacological targeting of FXI may be useful in mitigating platelet activation and therefore prevent 

platelet-driven amplification of platelet aggregate and thrombi formation in prothrombotic conditions 

involving direct contact pathway of the coagulation agonists (including artificial surfaces) and 

widespread vascular injury.  
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bacterial-type long-chain polyphosphate in blood flow in vitro and bacteria in vivo 
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H. Morrissey, András Gruber, Florea Lupu, Alvin H. Schmaier, Owen J. T. McCarty 

 

6.1 Abstract 

Background: Terminal complications of bacterial sepsis include development of disseminated 

intravascular consumptive coagulopathy. Bacterial constituents, including long-chain polyphosphates 

(polyP), have been shown to activate the contact pathway of coagulation in plasma. Recent work 

shows that activation of the contact pathway in flowing whole blood can promote thrombin generation 

and platelet activation and consumption distal to thrombus formation ex vivo and in vivo. 

Aim: Determine whether presence of long-chain polyP in the bloodstream promotes platelet 

activation and consumption in a coagulation factor (F)XII-dependent manner. 

Methods/Results: Long-chain polyP promoted platelet P-selectin expression, microaggregate 

formation and platelet consumption in flowing whole blood in a contact activation pathway-dependent 

manner. Moreover, long-chain polyP accelerated fibrin formation on immobilized collagen surfaces 

under shear flow in a FXI-dependent manner. Distal to the site of thrombus formation, platelet 

consumption was dramatically enhanced in the presence of long-chain polyP in the blood flow in a 

FXI- and FXII-dependent manner. In a murine model, long-chain polyP promoted platelet deposition 

and fibrin generation in a FXII-dependent manner. Lastly, in a non-human primate model of bacterial 

sepsis, pretreatment of animals with an antibody blocking FXI activation by FXIIa diminished LD100 S. 

aureus-induced platelet and fibrinogen consumption. 

Chapter 6. was submitted to the American Heart Association Society, 

 Arteriosclerosis, Thrombosis, and Vascular Biology, as response to reviewers 



137 

 

Conclusions: This study demonstrates that bacterial-type long-chain polyP promotes platelet 

activation in a FXII-dependent manner in flowing blood, which may contribute to sepsis-associated 

thrombotic processes, consumptive coagulopathy and thrombocytopenia. 

 

6.2 Introduction 

While inflammation and vasoregulatory abnormalities dominate the clinical presentation of 

severe sepsis, excessive activation of the blood coagulation cascade associated with the development 

of fulminant disseminated intravascular coagulopathy (DIC) remains a common cause of sepsis-related 

mortality.[127,384,385] DIC is a thrombo-hemorrhagic complication that compromises organ 

perfusion and physiological response of hemostasis by causing thrombotic occlusion of blood vessels 

and consumptive coagulopathy, respectively. In this chapter, we use closed and open experimental 

platforms to study the role of FXIIa activity in the presence of bacterial-type long-chain 

polyphosphates (polyP). This work shows that FXIIa activity promotes platelet consumption in the 

presence of long-chain polyP in the blood flow in vitro and bacteria in vivo. This research may aid in 

the identification of potential mechanisms by which components of the contact activation pathway of 

coagulation influence the host response to infection by triggering thrombin generation and systemic 

platelet activation and consumption. 

 

6.3 Background 

Sepsis is an infection-induced systemic inflammatory response syndrome that can progress into 

terminal hypotension, insufficient organ perfusion and death within hours to days when left 

untreated.[126] Some forms of sepsis are accompanied by disseminated intravascular coagulopathy 

(DIC), a thrombo-hemorrhagic complication that aggravates poor tissue perfusion by causing 

thrombotic occlusion of blood vessels and severe bleeding due to consumptive coagulopathy.[386] At 

present, DIC, which is a prevalent cause of sepsis-associated mortality, has no disease-specific 
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effective FDA-approved antithrombotic treatment. There is a clear need for a better understanding of 

the molecular basis of sepsis/SIRS in order to develop safe and effective therapies to improve clinical 

outcomes. 

Several lines of evidence suggest that components of the contact activation pathway of 

coagulation influence the host response to infection by triggering thrombin generation.[387] It has 

been proposed that during sepsis, exposure of blood to foreign materials, including components of 

pathogens (e.g., long-chain polyphosphates (polyP)), leads to FXII autoactivation and the reciprocal 

activation of prekallikrein and FXII, which is accelerated in the presence of high molecular weight 

kininogen.[45,388–391] FXIIa promotes coagulation by activating FXI, termed the intrinsic pathway 

of coagulation. The resulting thrombin generation drives platelet activation and fibrin formation, which 

may contribute to the innate immune response to select pathogens. However, with escalating 

intravascular coagulation, the endogenous regulators of coagulation are eventually overwhelmed, 

leading to vessel occlusion, hypoperfusion, and organ damage.[130,392] Hemostatic blood 

components are consumed in the process, and a hemorrhagic disorder is superimposed on the 

thrombotic condition.  

Epidemiological data show that FXI deficiency in humans is thromboprotective,[368,393] while 

experimental induction of contact activation of coagulation in vivo can imitate thrombo-hemorrhagic 

and other sepsis-associated complications.[140] Specifically, FXI activation by FXIIa has been shown 

to promote thrombin generation and contribute to local platelet activation and consumption of platelets 

in the bloodstream distal to sites of thrombus formation under shear flow ex vivo and in vivo.[277,313] 

Conversely, inhibition of FXI activation by FXIIa has been shown to attenuate coagulopathy 

development and promote survival in mice with polymicrobial sepsis[394] as well as prevent collagen-

coated vascular graft occlusion in a primate model of thrombosis.[142] It is unclear whether bacterial 

components such as long-chain polyP are capable of promoting systemic thrombin generation in the 

circulating blood. 
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Inorganic polyP molecules consist of tens to thousands of negatively charged phosphate groups 

which can be introduced into the bloodstream by activated platelets (short-chain polyP)[395] or a 

variety of microorganisms (long-chain polyP).[396] Synthesized or purified polyP molecules are able 

to promote fibrin formation by directly activating FXII and enhancing activation of FV[397,398] with 

higher potency at increased polyP polymers lengths.[275] Long-chain polyP has also been shown to 

accelerate FXIa activation by both FXIIa and thrombin as well as prothrombin activation by FXIIa 

independent of FXI.[141,276]  

In this study, we used closed and open systems to determine whether long-chain polyP is capable 

of promoting platelet consumption and coagulopathy in flowing blood. We employed the FXIIa 

inhibitor corn trypsin inhibitor (CTI), a novel anti-FXIIa-blocking antibody, 5C12, and three 

monoclonal anti-FXI antibodies: 14E11, which blocks FXI activation by FXIIa; 1A6, which blocks 

both FXI activation by FXIIa and FXIa activation of FIX, and 10C9, which is a FXIa active site 

domain-neutralizing antibody. Our results demonstrate that long-chain polyP can promote platelet 

deposition, activation, aggregation and consumption in the bloodstream in a FXII-dependent manner in 

vitro and in vivo. Furthermore, in a non-human primate model of bacterial sepsis, pretreatment of 

animals with humanized 14E11 to block FXI activation by FXIIa diminished LD100 S. aureus-induced 

platelet and fibrinogen consumption.  

These results suggest that neutralization of FXII activation in the bloodstream may represent a 

useful approach to preventing coagulopathy in conditions where significant levels of long-chain polyP 

are present. 

 

6.4 Materials and Methods 

6.4.1 Reagents  

Anti-factor XI function-blocking antibodies 1A6, 14E11 and 10C9 were generated as 

described.[139–141] Corn trypsin inhibitor (CTI) was from Enzyme Research Laboratories, Inc., 
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hirudin from Hyphen Biomed, Phe-Pro-Arg-chloromethylketone (PPACK) from Santa Cruz, fibrillar 

collagen from Chrono-Log Corp, lipidated tissue factor (TF; Innovin® PT reagent) from Siemens and 

ellagic acid (aPTT reagent) from Pacific Haemostasis. Rabbit anti-fibrinogen antibody was from 

Cappel MP Biomedicals, LLC, anti-rabbit-AF350 from Life technologies, anti-CD41-PE and anti-

CD62P-APC were from BD Pharmingen, CD31-eFluor450 was from eBioscience. Anti-thrombin API 

(H-85) antibody was from Santa Cruz Biotech and anti-integrin αIIb from Abnova. FXIIa chromogenic 

substrate S-2302 was purchased from Diapharma. Polyphosphate molecules of the size produced by 

bacteria (long-chain polyP, >595 phosphate units in length) were prepared as described.[275] 

Recombinant polyP-binding domain from Escherichia coli polyphosphatase (PPXbd) was produced as 

described.[276] All other reagents were from Sigma-Aldrich, Inc. or previously named 

sources.[245,277] 

6.4.2 Development of an anti-factor XII function-blocking antibody 

The function-blocking anti-factor XII antibody 5C12 was produced using a similar approach as 

described previously.[399] In short, the murine FXII null genotype (C57Bl/6 background)[244] was 

crossed onto the Balb-C background through 7 generations. FXII-deficient Balb-C mice were given 25 

μg of a mixture of human and murine FXII and FXIIa by intraperitoneal injection in Freund complete 

adjuvant on day 0 and Freund incomplete adjuvant on day 28. Hybridomas were screened using a solid 

phase enzyme-linked immunosorbent assay (ELISA) against human FXII, and those that showed 

binding were subcloned twice by limiting dilution. 5C12 was the clone that produced the most potent 

neutralizing antibody, as measured by prolongation of the activated partial thromboplastin clotting 

time of normal human plasma. The cell line producing 5C12 was grown in a CL1000 bioreactor 

according to the manufacturer’s protocol (Integra Biosciences), and the antibody was purified from the 

media using cation exchange and protein A chromatography. 
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6.4.3 Humanization of a function-blocking anti-factor XI antibody 

The murine monoclonal antibody 14E11 was generated by immunizing FXI-deficient Balb-C 

mice with recombinant mouse FXI. 14E11 was selected for further study based on its ability to prolong 

the aPTT in mammalian plasmas. 14E11 exerts its anticoagulant activity in part by binding to the FXI 

A2 domain and preventing assembly of the contact activation complex, composed of high molecular 

weight kininogen (HK), prekallikrein, and FXIIa, and inhibits FXI activation by FXIIa. The 

humanized form of this antibody (h14E11) was produced by complementarity determining region 

(CDR)-grafting (Antitope, Ltd.) from the precursor murine monoclonal antibody 14E11. Subsequently, 

h14E11 was manufactured using fed-batch fermentation of h14E11-expressing CHO DUKX B11 cells 

in a 1000 L bioreactor, followed by protein A affinity purification, viral inactivation at low pH, two 

polishing chromatography steps, followed by nanofiltration and formulation. 

6.4.4 Enzyme-linked immunosorbent assay to quantify FXI(a) binding to (h)14E11 

FXI or FXIa (2 mg/mL, 100 mL/well) in 50 mM Na2CO3 pH 9.6 were incubated overnight at 4°C 

in Immulon 2HB microtiter plates (Thermo Scientific). Wells were blocked with 150 mL phosphate 

buffered saline (PBS) with 2% BSA for one hr at RT. 100 mL biotinylated 14E11, or h14E11 (100 to 

10-7 mM) in 90 mM HEPES pH 7.2, 100 mM NaCl, 0.1% BSA, 0.1% Tween-20 (HBS) was added and 

incubated for 90 min at RT. After washing with PBS-0.1% Tween-20 (PBST), 100 mL streptavidin-

HRP (Thermo Scientific, 1:8000 dilution in HBS) was added and incubated at RT for 90 min. After 

washing, 100 mL Substrate Solution (12 mL 30 mM citric acid, 100 mM Na2HPO4 pH 5.0, 1 tablet 

OPD, 12 mL 30% H2O2) was added. Reactions were stopped after 10 min with 50 mL 2.5M H2SO4. 

Absorbance at 495 nm was measured on a SpectroMax 340 microplate reader (Molecular Devices). 

Apparent Kd values (nM) were calculated by plotting the dose-response data against the log10 of the 

antibody concentration and fitting data to a four-parameter logistic curve. The apparent Kd of h14E11 

for human FXI and FXIa = 3.656 nM and 1.383 nM, respectively; the apparent Kd of 14E11 for human 

FXI and FXIa = 0.431 nM and 0.152 nM, respectively.  
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6.4.5 Blood collection and preparation of plasmas 

Human venous blood was drawn by venipuncture from healthy adult volunteers into sodium 

citrate in accordance with the OHSU Institutional Review Board. Platelet-poor plasma (PPP) was 

prepared by centrifugation of citrated whole blood (in 0.32% w/v sodium citrate) from three separate 

donors at 2150×g for 10 min. Further centrifugation of the plasma fractions at 2150×g for 10 min 

yielded PPP, which was then pooled and stored at −80°C until use. 

6.4.6 Fibrin generation assay 

Solutions containing human PPP were incubated with vehicle or long-chain polyP (33, 100 or 

300 μM) at 37°C for 10 min. Parallel reactions were performed in the presence of FXI function-

blocking antibodies 1A6 (50 μg/mL) or 14E11 (50 μg/mL), the FXII inhibitor CTI (40 µg/mL), the 

thrombin inhibitor hirudin (40 µg/mL) or PPXbd (250 µg/mL). Fibrin generation was initiated with 

addition of either 25 mM CaCl2 alone or together with 100 pM human α-thrombin. Changes in solution 

turbidity (A405) in clear flat-bottom polystyrene wells (Greiger) at 37°C were monitored by using a 

Tecan microplate reader (TECAN devices). The concentration of PPP was maintained at 33% final v/v 

in all conditions. The long-chain polyP was diluted in buffer containing 25 mM Hepes and 150 mM 

NaCl with 1% BSA (pH 7.4). The time interval required for the solution turbidity to reach the half-

maximal value was defined as Thalf-max as described previously.[246] 

6.4.7 Clotting time assay 

Clotting times of PPP or whole blood were measured with a KC4 Coagulation Analyzer (Trinity 

Biotech PLC, Bray, Ireland). Samples were pretreated with FXI function-blocking antibodies 1A6 (50 

μg/mL) or 14E11 (50 μg/mL), the FXII inhibitor CTI (40 µg/mL), the thrombin inhibitor hirudin (40 

µg/mL) or PPXbd (250 µg/mL) and incubated with vehicle or long-chain polyP (33, 100 or 300 μM) at 

37°C for 3 min. Clotting was initiated with addition of either 25 mM CaCl2 alone or together with 100 

pM human α-thrombin at 37°C, and clotting time was recorded. The concentration of PPP and whole 

blood was maintained at 33% and 66% final v/v, respectively, in all conditions. 
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6.4.8 Effects of 5C12 and CTI on FXIIa activity in vitro 

Effect of anti-factor FXIIa reagents was measured as described previously.[141,399] In short, 

after preincubation with either control buffer or different concentrations of 5C12 or CTI for 10 min at 

RT, human purified FXII (50 nM) was incubated with high molecular weight kininogen (HK; 12.5 

nM), prekallikrein (PK; 12.5 nM) and long-chain polyP (10 µM). After 1 hour samples were removed 

and quenched with polybrene (6 μg/mL final; Sigma-Aldrich) to neutralize long-chain polyP and with 

soybean trypsin inhibitor (50 μg/mL final; Sigma-Aldrich) to inactivate kallikrein. FXIIa activity was 

quantified by measuring rates of chromogenic substrate S-2302 (500 μM; Diapharma) conversion by 

FXIIa at 405 nm. Rates of S-2302 FXIIa hydrolysis were converted to FXIIa concentrations using a 

standard curve and normalized to control buffer condition. 

6.4.9 Ex vivo flow experiments 

Glass capillary tubes/chambers (0.2×2×200 mm; VitroCom) were coated as described 

previously.[277] Surfaces were blocked with 5 mg/mL denatured bovine serum albumin (BSA) for 1 h 

prior to assembly into a flow system. Sodium citrate (0.38% w/v) anticoagulated whole blood was 

recalcified and perfused through the chamber for 10 min at an initial wall shear rate of 300 s-1. 

Downstream samples were collected directly into 100 µM PPACK and 1.5% w/v sodium citrate (1 

tube/min of perfusion) to final 50% dilution and evaluated using fluorescence-activated cell sorting 

(FACS).  

6.4.10 Microscopy 

After blood perfusion, glass capillaries were washed with phosphate-buffered saline (PBS) and 

Hepes/Tyrode buffer (136 mM NaCl, 2.7 mM KCl, 10 mM Hepes, 2 mM MgCl2,  0.1% BSA; pH7.4) 

containing 1.5% sodium citrate and 100 µM PPACK, followed by incubation with blocking buffer (1% 

BSA, 1% FCS in Hepes/Tyrode buffer) for 30 min. Glass capillaries were incubated with rabbit anti-

serum against human fibrinogen (1:100) for 10 min and washed with PBS followed by an incubation 

with CD41-PE (1:50), CD62-FITC (1:50), and goat anti-rabbit Alexa Fluor 350 (1:500) in dark for 10 
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min.  Glass capillaries were washed with PBS, fixed with paraformaldehyde (PFA 4%), and sealed 

with mounting media. Samples were analyzed on a Zeiss Axio Imager 2 microscope 6 (Carl Zeiss 

MicroImaging GmbH, Germany). 

6.4.11 Western blots 

Thrombi formed on collagen/TF were lysed for 5 min with 1× lysis buffer (10 mM Tris, 150 mM  

NaCl, 1 mM EGTA, 1 mM EDTA, 1% NP-40, 2 mM PMSF and 10 U DNase I) at 4oC, followed by 

treatment with 1 μM plasmin for 40 min at RT. Local fibrin deposition was evaluated by separating 

combined eluate samples on non-reducing SDS–PAGE gels, transferring to PVDF membrane and 

immunoblotting with rabbit anti-fibrinogen followed by anti-rabbit-HRP. Local platelet deposition and 

thrombin content was similarly evaluated by separating combined eluate samples on separate reducing 

SDS–PAGE gels and immunoblotting for CD41 or thrombin. Proteins were detected using ECL. 

6.4.12 FACS analysis 

Pre- and post-chamber blood samples were collected into 100 µM PPACK and 1.5% w/v Na-

citrate (1:1, v:v) and incubated with 1:50 dilution antibodies for 30 min at RT. Reactions were fixed by 

diluting 1:10 with RT 12.5% CytofixBD. 10,000 single platelets were determined by a PE-conjugated 

platelet marker CD41a and the characteristic forward- and side-scatter scatter patterns via FACS 

(Canto II; BD Biosciences, Heidelberg, Germany). Platelet CD62P expression levels and single 

platelet consumption were determined as described previously.[277,284,313] Microaggregate 

formation was determined by the upshift in fluorescence intensity in CD31/CD41a double-positive 

events. 

6.4.13 Mouse model of lethal pulmonary embolism 

Knockout (KO) mice were produced as described previously. In short, a B6/129 background was 

backcrossed 4 generations into C57BL/6 background.[289] These animals were mated with wild-type 

(WT) mice (C57BL/6, Jackson Laboratories) to make heterozygous animals and were re-derived into 

Klkb1-/-. Klkb1-/- mice and littermate WT colonies were maintained by brother/sister mating. Every 10 
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generations, the Klkb1-/- mice are mated with C57BL/6J to re-derive KOs from the heterozygous mice. 

The genotyping of Klkb1-/- mice was determined as described previously.[289] FXII-/- mice (deficient 

in coagulation factor XII) in a C57BL/6J background were generously provided by Dr. Frank 

Castellino of the University of Notre Dame. Animal care and procedures were reviewed and approved 

by the Institutional Animal Care and Use Committees at Case Western Reserve University (CWRU) 

and performed in accordance with the guidelines of the American Association for Accreditation of 

Laboratory Animal Care and the National Institutes of Health. Lung tissues were harvested, processed 

and stained with haematoxylin and eosin (H&E) stain to facilitate histopathologic studies. Images were 

obtained from a Leica SCN 400 Slide Scanner equipped with a Hamamatsu line sensor color camera 

and a 340/0.65 objective lens. The images were made through a 32 tube lens at 340 final 

magnification. Number of vessel occlusions quantified from H&E staining. Vessel occlusions per 

visual field were counted at 340. 

6.4.14 Non-human primate model of sepsis 

Papio anubis baboons were dosed with a single 1 mg/kg intravenous bolus injection of anti-FXI 

antibody h14E11, 30 min before challenge. A lethal dose (1–2 × 1010 cfu/kg) of S. aureus (strain 

B17266 Rosenbach, ATCC #49496) in 1.5 mL/kg sterile saline solution was infused intravenously 

over 2 hours (from T0 to T120 min). Blood samples were obtained at 0, 2, 4, 6 and 8 hours. Platelet 

levels were determined using a VetScan HM5 Hematology Analyzer (Abaxis). Whole blood samples 

were spun down to isolate plasma and plasma levels of fibrinogen levels were measured using a 

functional clotting assay developed by Clauss et al.[288] 

6.4.15 Data analysis 

Data are shown as means ± SEM. Statistical significance of differences between means was 

determined by ANOVA. If means were shown to be significantly different, multiple comparisons were 

performed by the Tukey test. Probability values of P < 0.05 were selected to be statistically 

significant. Apparent Kd values (nM), for comparison of 14E11 and h14E11, were calculated by 
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plotting the dose response data against the log10 of the antibody concentration. The data was then fit to 

a four-parameter logistic curve and the Kd was calculated using GraphPad Prism. 

 

6.5 Results 

6.5.1 Long-chain polyP promotes platelet consumption in flowing blood 

Our initial set of experiments examined whether soluble long-chain polyP promotes platelet 

activation in flowing blood. As shown in Figure 6.1A, recalcified whole blood was perfused through 

an inert (BSA-coated) flow chamber and tubing for a total residence time of 30 seconds before being 

collected downstream at 1 min intervals into tubes containing serine protease inhibitor (PPACK) and 

sodium citrate. Single platelet consumption (reduction of single platelet population in the bloodstream 

quantitated on FSC by SSC plot), platelet activation (CD62P expression), and platelet microaggregate 

formation in solution (CD41a/CD31 high positive) was quantified using flow cytometry as described 

previously.[277,313] 
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Figure 6.1 Long-chain polyP promotes platelet consumption in flowing blood.  

Recalcified whole blood was perfused through BSA-coated chambers for indicated reaction times at 300 s-1 shear rate. Downstream 

samples were collected into solution containing serine protease inhibitor (PPACK) at 1 min intervals as shown in schematic (A), 

immunostained and evaluated by FACS flow cytometry for percent platelet activation (% CD41a+/CD62P+ vs. CD41a+ total 

events), platelet microaggregate formation (high fluorescence intensity CD41a+/CD31+ events) and single platelet consumption 

(loss of single platelet population gate on FSC by SSC scatter plots). Prior to recalcification, blood was pretreated with long-chain 

polyP (B), ellagic acid (D) or tissue factor (TF; E) and either vehicle or anti-FXI antibodies (1A6, 10C9 or 14E11), FXIIa inhibitor 

(CTI) or thrombin inhibitor (hirudin). In parallel experiments, blood was pretreated with either control buffer, long- or short-chain 

polyP in the presence of vehicle (filled) or 250 µg/mL PPXbd (hollow; C). Results shown as mean ± SEM from at least three 

experiments. 
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Our results show that addition of 100 µM long-chain polyP to whole blood resulted in a robust 

increase in platelet activation (>30% CD62P expression), microaggregate formation and single platelet 

consumption (>80%) in the blood flow (Figure 6.1B), while platelets remained quiescent under control 

conditions (Figure 6.1C). Platelet activation, aggregate formation and consumption in the blood flow 

induced by long-chain polyP was abrogated by treatment of whole blood with either a FXIa active site 

domain-neutralizing antibody, 10C9, the anti-FXI antibody 1A6, which inhibits FXI activation by 

FXIIa and FIX activation by FXIa, the anti-FXI antibody 14E11, which inhibits FXI activation by 

FXIIa and conversely activation of FXII by FXIa, the FXIIa inhibitor corn trypsin inhibitor CTI, or the 

direct thrombin inhibitor, hirudin (Figure 6.1B). 

We next pretreated blood with recombinant exopolyphosphatase binding domain (PPXbd), which 

competitively inhibits polyphosphate binding, to validate a role for long-chain polyP in promoting 

platelet activation in the blood flow. Our results show that the presence of PPXbd completely 

neutralized the effect of long-chain polyP to basal levels of platelet activation, aggregate formation and 

consumption (Figure 6.1C). In contrast, pretreatment of blood with recombinant short-chain polyP of 

the size secreted by platelets or PPXbd alone did not promote platelet activation, aggregate formation 

or consumption above baseline levels. Taken together, our results suggest that long-chain polyP 

promotes platelet activation and consumption in the bloodstream in a contact activation pathway-

dependent manner.  

Lastly, we used known activators of the contact pathway (ellagic acid) or the extrinsic pathway, 

tissue factor (TF) in our system to validate the role of activation of FXII or FVII, respectively, in 

promoting platelet consumption in blood flow (Figure 6.1D&E). Our results show that ellagic acid 

promoted platelet activation, aggregation and consumption in flowing blood, which was eliminated in 

the presence of CTI, 1A6 or hirudin. In contrast, the ability of TF to promote robust platelet aggregate 

formation or consumption was insensitive to CTI, while inhibition of FXI activation with 1A6 reduced 

the effect of TF on platelet consumption.  
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Figure 6.2 Long-chain polyP promotes local thrombus formation on collagen surfaces.  

Recalcified whole blood was perfused over collagen-coated chambers for indicated perfusion times at 300 s-1 shear rate. Images 

of local thrombi formed at each perfusion time point in the presence of control buffer (-), 50 µg/mL 1A6 or 40 µg/mL CTI 

were recorded using differential interference contrast (A) or fluorescent light microscopy (B) after staining for fibrin (blue) and 

P-selectin (green). In select experiments, whole blood was pretreated with 100 µM long-chain polyP prior to re-calcification 

and perfusion over collagen-coated chambers (C) and (D). In parallel experiments, thrombi formed in the presence of control 

buffer (E) or 100 µM long-chain polyP (F) by corresponding perfusion time points were subjected to detergent lysis and 

plasmin digest and immunoblotted for fibrin degradation product, D-dimer, thrombin and platelet surface receptor, CD41a. 

Representative images and blots for at least four separate experiments are shown. 
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6.5.2 Long-chain polyP promotes local thrombus formation on collagen surfaces 

We next studied whether long-chain polyP has an effect on local platelet deposition and fibrin 

formation on collagen under shear flow conditions. Citrated whole blood was incubated with either 

vehicle or long-chain polyP prior to recalcification and perfusion over collagen-coated surfaces. Under 

vehicle conditions, we observed a time-dependent increase in the degree of platelet adhesion, 

aggregation, activation and fibrin formation on collagen (Figure 6.2A&B). The extent of fibrin 

formation was enhanced in the presence of soluble long-chain polyP, as visualized using differential 

interference contrast and fluorescence microscopy (Figure 6.2C&D). Long-chain polyP decreased the 

time required before detectable levels of d-dimer, clot-bound thrombin and platelets were observed in 

the formed thrombi, as measured by Western blot following lysis and plasmin digestion (Figure 

6.2E&F). Blockade of FXI activation with 1A6 or inhibition of FXIIa activity with CTI nearly 

eliminated fibrin formation both in the presence or absence of long-chain polyP, while the degree of 

platelet deposition as measured by CD41a via Western blot remained fairly consistent under all 

conditions. Along these lines, in the absence of coagulation, platelet adhesion and aggregation on 

either collagen or immobilized von Willebrand factor (VWF) under flow was unaffected by the 

presence of long-chain polyP (Figure 6.3).  

Conversely, in a closed system, we found that long-chain polyP promoted fibrin formation in a 

dose-dependent manner, decreasing the time required to reach half maximal fibrin levels (Thalf-max) 

from 2140s ± 346s under vehicle conditions to 1332s ± 236s, 854s ± 138s and 763s ± 95s in the 

presence of 33, 100 and 300 µM long-chain polyP, respectively (Figure 6.5A). The effect of long-

chain polyP on fibrin formation was reversed by CTI or PPXbd (Figure 6.5B). Taken together, our 

results suggest that long-chain polyP promotes thrombin generation to enhance local fibrin formation 

at sites of thrombus formation in a contact activation pathway-dependent manner. 
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Long-chain polyP was also able to serve as a direct surface activator for fibrin formation under 

shear. When long-chain polyP was immobilized onto a surface, the rate and extent of fibrin formation 

formed following perfusion of recalcified whole blood increased with increasing concentrations of 

immobilized long-chain polyP under shear flow (Figure 6.4). Notably, perfusion of recalcified whole 

blood past surfaces of increasing levels of immobilized myosin yielded enhanced levels of fibrin 

formation without significant increase in platelet deposition. 

 

Figure 6.3 Role of long-chain polyP in platelet aggregation on collagen and VWF under shear.  
Citrated and hirudinized whole blood was pretreated with vehicle (-) or 100 µM long-chain polyP prior to recalcification and 

perfusion through surfaces of immobilized collagen (A) or VWF (C) at 300 s-1 shear rate. Images of local platelet aggregates 

formed by 10 min of perfusion time were recorded using differential interference contrast. Quantification of aggregate count and 

average aggregate size (103 microns/aggregate) on collagen (B) or VWF (D) for at least 5 independent experiments is represented 

as mean ± SEM. No significant difference in the presence of long-chain polyP was found compared to vehicle. 
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Figure 6.4 Long-chain polyP as a surface activator of fibrin formation under shear.  

Capillaries were incubated with different levels of long-chain polyP (0 – 100,000 μM), blocked with BSA and perfused with 

recalcified whole blood at 300 s-1 shear rate for 10 min. 

 
Figure 6.5 Long-chain polyP promotes fibrin formation and clotting of platelet poor plasma.  

Citrated platelet poor plasma (PPP) was incubated for 10 min at 37 oC with indicated levels of long-chain polyP in the presence of 

either vehicle control or 40 µg/mL direct thrombin inhibitor (hirudin). Fibrin formation, measured by turbidity change at 405 nm, 

was initiated with recalcification (A) or recalcification and supplementation with 100 pM α-thrombin (B). The time interval required 

for the turbidity of the recalcified PPP, pretreated with vehicle, 250 µg/mL polyphosphate inhibitor (PPXbd), 50 µg/mL FXI 

function-blocking antibodies (1A6 or 14E11) or 40 µg/mL FXII inhibitor (CTI) in the presence of vehicle (C) or 100 pM α-thrombin 

(D), to reach the half-maximal absorbance value was reported as Thalf-max. Citrated PPP in the presence of vehicle or 250 µg/mL 

polyphosphate inhibitor (PPXbd) was incubated for 3 min at 37 oC with 100 µM long-chain polyP prior to recalcification to initiate 

clotting (E). Significant differences in clotting times, for at least 4 separate experiments, are indicated with * and ** having p values 

of 0.004 and 0.043 respectively. 
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6.5.3 Long-chain polyP promotes distal platelet activation and consumption in the blood flow 

downstream of sites of local thrombus formation 

Our previous work identified a role for FXI in promoting distal platelet activation downstream of 

sites of local thrombus formation. We next designed experiments to determine whether the presence of 

long-chain polyP would increase the rate and extent of downstream platelet activation in a FXII-

dependent manner. As shown in Figure 6.6A, the outflowing blood was collected 30 sec downstream 

of a collagen-coated chamber. Our results show that platelet P-selectin expression and microaggregate 

formation increased as a function of time in whole blood samples downstream of collagen-coated 

chambers, reaching a maximum of 90% single platelet consumption by 10 min of perfusion in the 

presence of vehicle (Figure 6.6B). In accord with our previous findings, pretreatment of blood with the 

anti-FXI mAbs 14E11, 1A6 or 10C9 or the FXIIa inhibitor CTI eliminated downstream platelet 

activation and microaggregate formation and reduced single platelet consumption. 

The presence of long-chain polyP significantly increased the rate of distal platelet activation, 

microaggregate formation and single platelet consumption in the blood flow downstream of the local 

site of thrombus formation (Figure 6.6C). For instance, the extent of microaggregate formation 

increased over 3-fold in the presence of long-chain polyP after 5 min relative to vehicle, while long-

chain polyP decreased the time required to achieve a 95% loss of single platelets in the blood flow 

from 10 min down to 8 min. An initial inhibition of platelet activation and microaggregate formation 

was observed when blood was pretreated with the anti-FXI mAbs 14E11, 1A6 or 10C9, while only 

CTI and hirudin were able to eliminate platelet activation and microaggregate formation over the full 

10 mins of observation.  
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Taken together, our results suggest that long-chain polyP promotes distal platelet activation and 

consumption in the bloodstream downstream of sites of active thrombus formation in a contact 

activation pathway-dependent manner. 

 

 

 

Figure 6.6 Long-chain polyP promotes distal platelet activation and consumption in the blood flow downstream of sites of 

local thrombus formation.  

Experimental set up schematic (A). Recalcified whole blood was perfused over collagen-coated chambers at 300 s-1 shear rate. 

Downstream samples were collected into solution containing serine protease inhibitor (PPACK) at 1 min intervals (perfusion 

time), immunostained and evaluated by flow cytometry (FACS). Percent platelet activation, platelet microaggregate formation 

and single platelet consumption in samples distal to thrombus formation on collagen-coated surfaces in the presence of vehicle 

control, 1A6, 10C9, 14E11, CTI or hirudin were quantified (B). In parallel experiments whole blood was pretreated with 100 µM 

long-chain polyP prior to re-calcification and perfusion over collagen-coated chambers (C). Representative means ± SEM for at 

least four separate experiments are shown. 
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6.5.4 Long-chain polyP promotes distal platelet activation and consumption in the blood flow in a 

FXII-dependent manner 

Corn trypsin inhibitor (CTI) has classically been used as a FXIIa inhibitor. However, CTI has 

also been shown as a weak competitive inhibitor of FXIa.[400,401] Moreover, the inhibitory effect of 

CTI of FXIIa activity is transient as it forms a one-to-one complex with FXIIa or trypsin.[402] We 

therefore created an anti-FXII mAb, 5C12, to use as a tool to mechanistically define the role of the 

contact activation pathway in the ability of long-chain polyP to promote distal platelet activation and 

consumption.  

We found that 5C12 bound human FXII in plasma (Figure 6.7A), and blocked the ability of long-

chain polyP to activate FXII in a purified system consisting of human FXII, high molecular weight 

kininogen (HK) and prekallikrein (PK), as measured by quantifying FXIIa activity normalized to 

baseline using a chromogenic assay (Figure 6.7B). In recalcified plasma, 5C12 inhibited the ability of 

100 µM long-chain polyP to promote clotting to the same degree as CTI (Figure 6.7C).  

We next evaluated the effect of 5C12 on platelet activation induced by long-chain polyP in our 

flow assay. Our data show that 5C12 eliminated the ability of long-chain polyP to promote platelet 

activation, microaggregate formation or consumption when blood was perfused either through an inert 

BSA-coated chamber or over a collagen-coated surface to induce a local site of thrombus formation 

(Figure 6.7D-F). These results provide evidence that long-chain polyP promotes distal platelet 

activation and consumption in the blood flow and downstream of sites of active thrombus formation in 

a FXII-dependent manner.  
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Figure 6.7 Long-chain polyP promotes distal platelet activation and consumption in the blood flow in a FXII-dependent 

manner.  

Characterization of the anti-FXII mAb, 5C12, showing that 5C12 binds to FXII from human plasma (A). Human recombinant 

FXII was preincubated with high molecular weight kininogen (HK), prekallikrein (PK) and long-chain polyP in the presence of 

increasing concentrations of 5C12 or CTI and levels of activated FXII were quantified using a chromogenic assays (B). Citrated 

platelet poor plasma (PPP) was pretreated with vehicle, 40 µg/mL FXIIa inhibitor (CTI) or 50 µg/mL anti-FXII mAb (5C12) and 

incubated for 3 min at 37 oC with either control buffer or indicated levels of long-chain polyP prior to recalcification to initiate 

clotting (C). Significant differences in clotting time, in the presence of 100 µM long-chain polyP, for at least 3 separate 

experiments, are indicated with * with having p values < 0.05. Activation, microaggregate formation and consumption of platelets 

was measured in recalcified flowing whole blood pretreated with either vehicle, 5C12, CTI or 14E1 in the presence of long-chain 

polyP (D). Role of FXII in platelet consumption distal to thrombus formation was assessed in the presence of either vehicle (E) or 

long-chain polyP (F). Representative means ± SEM for at least three separate experiments are shown. 
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6.5.5 Long-chain polyP promotes platelet deposition and fibrin generation in vivo in a FXII-

dependent manner 

We next designed experiments to determine whether long-chain polyP induced platelet activation 

and fibrin formation in the bloodstream in vivo. A bolus of long-chain polyP was injected into a cohort 

of wild-type (WT), FXII-deficient (FXII-/-), prekallikrein-deficient (Klkb1-/-) or high molecular weight 

kininogen-deficient (Kgn1-/-) mice.  

Our data show that the degree the extent of platelet deposition and fibrin formation observed in 

the lung tissue was markedly reduced for FXII-/- mice as compared to WT or Kgn1-/- mice (Figure 6.8). 

These studies indicate that presence of long-chain polyP in the bloodstream promotes platelet 

activation and fibrin generation in vivo in a FXII-dependent manner.  

 

 
 

Figure 6.8 Long-chain polyP promotes platelet deposition and fibrin generation in vivo in a FXII-dependent manner.  

Lung sections from long-chain polyP-challenged challenged wild type (WT), Kgn1-/- and FXII-/- mice were stained with H&E. 

Number of vessel occlusions per visual field were quantified. Mean 6 standard error of the mean (SEM) of 100 fields per group are 

shown. *Significant difference (P < .05) among the groups on 1-way analysis of variance (ANOVA). 
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6.5.6 Long-chain polyP-containing bacteria induce platelet and fibrinogen consumption in vivo in a 

FXIIa-dependent manner 

In a proof-of-concept in vivo experiment, we 

examined whether inhibition of the ability of FXIIa 

to activate FXI could reduce consumption of 

platelets and fibrinogen in an established model of 

long-chain polyP-containing bacterial sepsis in 

baboons, Papio anubis (Figure 6.9). In this model, 

animals were challenged with heat-inactivated 

Staphylococcus aureus (S. aureus), a pathogenic 

bacterium known to contain polyP,[403,404] to a 

lethal dose (LD100) of 1-2  1010 colony forming 

units (cfu)/kg. Half an hour prior to bacterial 

challenge, animals were treated with a bolus 

intravenous injection of the humanized anti-FXI 

antibody 14E11, which blocks FXI activation by 

FXIIa (h14E11), or vehicle. Outcomes were 

measured as platelet count (Figure 6.9A) and 

circulating fibrinogen (Figure 6.9B) as percentage 

of baseline values. Our results show that S. aureus challenge induced a drop in platelet count to 40% 

of baseline at 8 hours; this was partially rescued to 60% by pretreatment when FXI activation by FXIIa 

was inhibited with h14E11. S. aureus challenge also decreased plasma fibrinogen to 40% of baseline at 

8 hours, which was rescued to 80% upon pretreatment with the anti-FXI antibody h14E11.  

 
Figure 6.9 Long-chain polyP-containing bacteria induce 

platelet and fibrinogen consumption in vivo in a FXIIa-

dependent manner.  
In a non-human primate model of sepsis, Papio anubis 

baboons were pretreated with either normal saline or a single 

(1 mg/kg) bolus of anti-FXI antibody h14E11, followed by an 

intravenous two hour (T0 to T120 min) infusion of a lethal 

dose (1–2 × 1010 cfu/kg) of S. aureus. Blood samples were 

obtained at times 0, 2, 4, 6 and 8 hours. Platelet levels were 

determined using a VetScan HM5 Hematology Analyzer (A) 

and plasma levels of fibrinogen were measured using Clauss 

clotting assay66 (B). Data are shown as mean  SEM. LD100 

animals n = 2; LD100 + h14E11 animals n = 2. 
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Taken together this pilot experiment suggests that long-chain polyP-containing bacteria promote 

platelet and fibrinogen consumption in the bloodstream in a contact activation pathway-dependent 

manner. 

 

6.6 Discussion 

Coagulation factor (F)XII is an abundant member of the intrinsic coagulation pathway with an 

elusive role in hemostasis yet mounting evidence for roles in thrombo-hemorrhagic complications in 

the presence of negatively charged molecules and surfaces artificial to the blood environment. 

Clinically, FXII-deficient patients have a prolonged activated partial thromboplastin time (aPTT) but 

do not suffer from abnormal bleeding and are otherwise asymptomatic.[405] Conversely, activation of 

FXII in vivo can lead to development of life-threatening consumptive coagulopathy similar to a 

complication associated with sepsis.[140] Our results suggest that FXII is activated by polyphosphate 

of the size produced by bacteria (long-chain polyP) in the bloodstream promoting platelet activation 

and consumption under shear. We show that inhibition of FXIIa activity neutralizes the effect of long-

chain polyP on whole blood under shear and may be a viable target in preventing platelet consumption 

in the setting where long-chain polyP levels may be increased. We show in an initial proof-of-concept 

experiment using an established in vivo nonhuman primate model of bacterial sepsis that inhibition of 

FXI activation by FXIIa was found to inhibit platelet and fibrinogen consumption. 

Sepsis is an infection-induced systemic inflammatory response syndrome (SIRS) that typically 

progresses to terminal hypotension, insufficient organ perfusion and death within hours to days when 

left untreated.[123,124] Timely and aggressive medical management, including treatment of the 

underlying cause or supportive care (volume/electrolyte supplementation, vasopressors, dialysis, 

oxygenation, and transfusion of blood products) reduce sepsis-associated mortality.[406,407] Yet, 

these measures often fail, and sepsis remains among the top leading causes of hospital mortality.[408] 

Thus, advanced sepsis presents a significant problem. Fulminant or rapidly-progressing disseminated 
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intravascular coagulopathy (DIC) is a deadly complication of sepsis that has no disease-specific 

effective antithrombotic treatment. Nevertheless, most patients in the later hemorrhagic phase of DIC 

are given transfusions of blood components, sometimes combined with anticoagulation, in an attempt 

to both reduce pathologic coagulation and support the failing hemostatic system.[128,129] However, 

the presumed efficacy of systemic anticoagulation with broad-spectrum antithrombotic agents such as 

heparin or activated protein C (no longer marketed) that target the extrinsic, intrinsic, and common 

pathways of thrombin generation has not been confirmed in large clinical trials.[409] There is a clear 

need for a better understanding of the molecular basis of sepsis/SIRS in order to develop safe and 

effective therapies to improve clinical outcomes and to identify druggable molecular targets and 

mechanisms that contribute to thrombin generation during early or advanced sepsis. 

There is strong evidence that polyP in concert with FXII promotes thrombin generation. PolyP 

molecules ≥30 phosphates long directly promote FXII activation and fibrin formation, with increasing 

potency observed with increasing polyP chain length.[275] The majority of studies have focused on 

the effects of polyP of the size found in platelets (short-chain polyP) in the setting of closed systems 

using purified reagents or plasma. However, it is important to keep in mind that in circulating whole 

blood, the effects of polyP may be significantly reduced due to hydrolysis of polyP in the presence of 

red blood cells[410] and the effects of shear on the biodistribution of reactants and 

inhibitors.[268,277,411] At the same time, the enrichment of microbes within platelet aggregates[412–

415] may increase the local concentration of polyP within the blood microenvironment. Along these 

lines, Zhu et al. demonstrated that inhibition of blood-borne short-chain polyP with recombinant 

exopolyphosphatase binding domain (PPXbd) decreases fibrin formation in thrombi formed on 

collagen in vitro and increases susceptibility of thrombi to lysis in the presence of tissue plasminogen 

activator.[416] Treatment of wild-type mice with PPXbd has been shown to be thromboprotective, 

while this effect is lost in FXII-deficient mice.[417] Our study confirms a role for long-chain polyP in 

promoting platelet deposition and fibrin formation in a FXII-dependent manner in vivo (Figure 6.10). 
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PolyP molecules may further derail and link multiple processes in an infected 

organism.[397,418] Inorganic polyP chains contain high energy phosphoanhydride bonds identical to 

ones found in adenosine triphosphate (ATP) molecules, which are hydrolyzed to fuel reactions in 

cells.[396,419] Notably, polyP chains have been shown to be utilized by select bacteria to generate 

ATP and ADP.[420] Furthermore, Mycobacterium tuberculosis and some other gram positive bacteria 

primarily depend on polyP for energy.[421–423] Hypophosphatemia is associated with sepsis severity 

and may represent an outcome of bacterial sequestering of phosphate for polyP production.[424] 

Moreover, microbes may release long-chain polyP upon cell damage or express long-chain polyP on 

their cell surfaces, promoting pathogenesis.[425] For instance, Neisseria expose as much as half of 

their polyP content on their cell surface, which may act as both an antiphagocytic capsule and a 

 

Figure 6.10 Cartoon of Hypothesis. 
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promoter of virulence during infection.[426] Thus, we speculate that activation of the abundant levels 

of FXII found in the blood may be part of a physiological response aimed at containment of infectious 

agents, a strategy that unfortunately seems to fail at higher bacterial loads. In line with this thought, 

FXII activation in the presence of long-chain polyP can promote proteolysis of high molecular weight 

kininogen with concomitant bradykinin release,[388] pro-inflammatory responses[427–429] and 

complement system activation,[430–432] all of which can wreak havoc on an organism in the absence 

of balanced regulation. Thus, additional understanding of the crosstalk between polyP and FXII in the 

blood microenvironment may aid in the development of supportive therapeutics for sepsis 

management in the presence of bacteria that produce long-chain polyP. 
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 Effect of pneumatic tubing system transport on stored platelet concentrate units 

Jevgenia Zilberman-Rudenko, Frank Z. Zhao, Stephanie E. Reitsma, Annachiara Mitrugno,  

Jiaqing Pang, Joseph J. Shatzel, Beth Rick, Christina Tyrrell, Wohaib Hasan,                          

 Owen J.T. McCarty, Martin A. Schreiber 

 

7.1 Abstract 

Purpose: Platelet concentrate (PC) units are transfused into patients to mitigate or prevent 

bleeding. In a hospital, PC units are transported from the transfusion service to the healthcare teams 

via two methods: a pneumatic tubing system (PTS) or ambulatory transport. Whether PTS transport 

affects the activity and utility of platelets within PC units is unclear.  

Methods: We quantified the gravitational forces and transport time associated with PTS and 

ambulatory transport within our hospital. Washed platelets and supernatants were prepared from PC 

units prior to transport as well as following ambulatory or PTS transport. For each group, we 

compared resting and agonist-induced platelet activity and platelet aggregate formation on collagen or 

von Willebrand factor (VWF) under shear, platelet VWF-receptor expression and VWF multimer 

levels.  

Results: Subjection of PC units to rapid acceleration/deceleration forces during PTS transport did 

not pre-activate platelets or their ability to activate in response to platelet agonists as compared to 

ambulatory transport. Platelets within PC units transported via PTS retained their ability to adhere to 

surfaces of VWF and collagen under shear, although platelet aggregation on collagen and VWF was 

diminished as compared to ambulatory transport. VWF multimer levels and platelet GPIb receptor 

expression was unaffected by PTS transport as compared to ambulatory transport. 

Chapter 7. was submitted for publication with the Biomedical Engineering Society,  

in Cardiovascular Engineering and Technology, Springer Publishing, January 2018. 
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Conclusions: Subjection of PC units to PTS transport did not significantly affect the baseline or 

agonist-induced levels of platelet activation as compared to ambulatory transport. Our case study 

suggests that PTS transport may not significantly affect the hemostatic potential of platelets within PC 

units. 

 

7.2 Introduction 

This chapter focuses on the study of the effect of PC unit handling during transport within a 

single hospital. We utilize assays described in previous chapters to assess the function of platelets in 

PC units following transport either via a pneumatic tubing system (PTS) or by a human courier and 

compare these to the basal function of platelets in this transfusion reagent. The objective of this study 

was to determine whether the biophysical forces encountered by platelets during transport of PC units 

via PTS used in hospitals has a deleterious effect. We have quantified the distinct forces and 

acceleration/deceleration transitions experienced by platelets in PC units during travel through PTS 

and compared these to ambulatory transport. We found that regardless of the transport method, 

platelets in PC units were refractory to a broad matrix of physiological stimuli as compared to freshly 

prepared platelets. In perfusion studies, we found that relative to ambulatory transport of stored platelet 

units, transport of PC units via PTS may diminish the ability of platelets to bind and aggregate on 

collagen and VWF under shear. However, PTS did not affect total platelet GPIb receptor or plasma 

VWF levels in PC unit samples. Results and an overview of the literature, discussed herein, raise a 

number of questions about PC unit collection, handling and platelet storage conditions. 

 

7.3 Background 

Upon vessel injury, exposed extracellular matrix (ECM) proteins, such as fibrillar collagen, 

trigger a series of events that lead to the formation of a hemostatic plug to staunch blood 

loss.[150,151] The process of hemostasis depends on platelets tethering to the ECM in the presence of 
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shear, leading to platelet adhesion, rapid cellular activation and accumulation of additional 

platelets.[152] ECM-bound von Willebrand factor (VWF) plays a critical role in initial platelet 

deposition via shear-dependent platelet receptor glycoprotein (GP) Ib  binding to VWF.[153–155] 

Platelet receptors GPVI and α2β1 mediate platelet activation leading to the release of secondary 

mediators and subsequent platelet aggregation. Platelet aggregation is enabled by platelet integrin 

αIIbβ3 and fibrinogen.[156] 

Platelet concentrate (PC) units are used for effective management and stabilization of patients 

with thrombocytopenia and clinically significant bleeding associated with a high morbidity and 

mortality. In the United States, PC units are most commonly collected by apheresis involving gentle 

centrifugation over a period of several hours from healthy adult volunteers. Guidelines have been 

established to ensure PC unit quality including storage duration, temperature and handling prior to 

release of this therapeutic blood product for patient transfusion.[433] However, once in the hospital 

setting, there are no universal or strict guidelines for PC unit delivery to care teams. 

Pneumatic tubing systems (PTS) are widely used in hospitals to enable rapid and convenient 

transport of clinical samples, blood and therapeutic products, including PC units, within hospitals. 

Interestingly, the use of PTS has been discouraged for transport of clinical samples intended for 

platelet function testing.[434,435] Several studies have suggested that PTS transport of samples may 

affect the results of platelet functional tests including whole blood optical and electrode platelet 

aggregometry,[436–439] multiple parameters of rotational thromboelastometry (ROTEM)[438,440] 

and closure time within sheared platelet function test (PFA-100).[437,441,442] It is not clear however 

what effect if any PTS transport may have on the activity or function of platelets in PC units. The aim 

of this study was to determine whether exposure of PC units to changes in gravitational forces during 

PTS transport affects baseline platelet activity or response to agonists as compared to ambulatory 

transport of PC units. 
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7.4 Materials and Methods 

7.4.1 Materials and Reagents 

Cross-linked collagen-related protein/CRP-XL was purchased from University of Cambridge 

(Cambridge, England). Thromboxane A2 analog/U46619 and PAR-1 agonist/TRAP6 were from Tocris 

(Bristol, England). Epinephrine and fibrillar collagen were from Chrono-Log (Havertown, PA). 

Human VWF was from Haematologic Technologies, Inc (Essex Junction, VT). Fibrinogen was from 

Enzyme Research Laboratories (South Bend, IN). PPACK, rabbit anti-human anti-VWF primary 

antibody and goat anti-human anti-Vinculin primary antibodies were from Santa Cruz (Dallas, TX). 

Anti-CD41-PE, anti-CD62P-APC and CytofixBD were from BD Pharmingen (Franklin Lakes, NJ). 

Anti-CD31-eFluor450 was from eBioscience (San Diego, CA). Mouse anti-human anti-GPIb/AK2 

primary antibody was from GeneTex (Irvine, CA) and anti-mouse IgG -AF640 secondary was from 

Invitrogen (Carlsbad, CA). Seakem gold agarose was from Lonza (Basel, Switzerland). Recombinant 

rh-ADAMTS13 was form R&D Systems (Minneapolis, MN). SuperSignal West Dura Substrate was 

from Thermo Scientific (Waltham, MA). Other reagents were purchased from Sigma (St. Louis, MO). 

7.4.2 Procurement and handling of stored platelet concentrate units 

Single donor-per-unit platelet concentrate (PC) units were isolated by the American Red Cross, 

Pacific Northwest Blood Services Region, from citrated whole blood using a continuous-flow 

centrifugal apheresis machine Amicus (Fenwal Inc, Lake Zurich, IL), which utilizes a dual-stage 

separation technique with centrifugal force and belt-like geometrical configuration of separation and 

collection chambers (Table 7.1).[443] Each donor underwent a bilateral venipuncture allowing a 

simultaneous withdrawal of whole blood and reinfusion of returning blood products. Citrated whole 

blood was spun down at 1600rpm for an average of 10 minutes at RT to selectively isolate platelet rich 

plasma (PRP); red blood and white blood cells were reinfused back into the donor. PRP was then 

furthermore leuko-reduced by filtration and concentrated at 1600rpm for 10 minutes to remove a 

portion of the platelet-poor-plasma. PC units had an average concentration of 7.6±0.5×105 plts/µL, 
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n=20. Stored PC units in apheresis bags were then received and stored by the OHSU Transfusion 

Medicine Services department. In accordance with USFDA guideline, stored PC units were taken out 

of the clinical inventory 5 days post-collection and released for research use. Stored PC units were 

collected from four ABO blood type donor groups: 7 from A, 7 from B, 3 from AB and 3 

from O blood type; 4 PC units were from Rh - and 16 PC units were from Rh+ donors. 

On the day of an experiment, PC unit was handled according to the flow chart (Figure 7.1). Prior 

to transport, a basal sample was extracted from an apheresis bag containing a PC unit with a 15 Gauge 

needle and a 20mL syringe at the OHSU Transfusion Service and stored in a 15mL polypropylene 

conical Falcon® tube in the lab. Subsequently, the 

remainder of the PC unit was split into two apheresis 

bags and transported to the OHSU Trauma and 

Surgical Intensive Care Unit via two parallel 

methods: pneumatic tubing system (PTS; Swisslog 

TransLogic, Apeldoorn, The Netherlands) or 

ambulatory (AMB) transport. Acceleration/ 

deceleration forces generated during these transport 

methods were recorded using an accelerometer 

(Apple iPod touch, IOS 9, SensorLog v1.8); for 

reference we quantified the centrifugal forces 

experienced during a 1600rpm spin in a GPKR 

centrifuge outfitted with rotor SH 3.7 S/N 576 

(Beckman Coulter, Inc, Brea, CA; Table 7.2 & 

Figure 7.2).  

 

Figure 7.1 A flow chart of an experimental PC unit 

handling procedure. 

A flow chart describing events on the day of an experiment. 

Prior to transport, a basal sample was extracted from an 

apheresis bag containing a platelet concentrate (PC) unit. 

Subsequently, the remainder of the PC unit was split into 

two apheresis bags and transported to the OHSU Trauma 

and Surgical Intensive Care Unit (ICU) via two parallel 

methods: pneumatic tubing system (PTS; Swisslog 

TransLogic, Apeldoorn, The Netherlands) or ambulatory 

(AMB) transport. All samples were subsequently processed 

at the research lab. When appropriate washed platelet and 

supernatants were purified from samples.  
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7.4.3 Human whole blood collection and preparation of concentrated platelet rich plasma and 

serum  

To prepare fresh platelet-rich plasma (PRP), 40mL of human venous blood was drawn by 

venipuncture from healthy adult volunteers into 60mL syringe containing 1:10 3.8% sodium citrate in 

accordance with the OHSU Institutional Review Board. Whole blood was then transferred into a 50mL 

polypropylene conical Falcon® tube and spun down at 1600rpm for 10 minutes at RT; the 

acceleration/ deceleration profiles were recorded using an accelerometer as described above. After the 

first spin, PRP was transferred into new 50mL conical tube and spun down again at 1600rpm for 10 

minutes; the plasma volume was adjusted to achieve a final concentration of 4×105 plts/µL in 

concentrated (c)PRP (Table 7.1). The final yield was about 5mL of cPRP per 40mL whole blood 

donation.  

Fresh serum was prepared by collection of human venous blood by venipuncture into a dry 

syringe. Non-anticoagulated blood was then left on a bench and allowed to clot for 30 minutes at room 

temperature. Serum was isolated by centrifugation at 2500rpm for 20 minutes in a Hermle Z300 

centrifuge outfitted with rotor 221.12 V01 (Labnet, Edison, NJ). 

7.4.4 Preparation of washed platelets and supernatants from stored PC units or fresh cPRP 

Stored PC units or freshly prepared cPRP were divided into separate polypropylene tubes for 

select experimental procedures run in parallel. Prostacyclin (PGI2; 0.1 µg/mL final) and acid/ citrate/ 

dextrose (ACD; 1:10 final volume ratio) were added to 200µL of PC units or fresh cPRP prior to 

pelleting to generate washed platelets. Samples were then spun down twice at 2500rpm for 10 minutes 

In text Blood drawn by 
Platelet concentrate 

preparation 
Intended use Stored at 

Platelet concentrate unit, 
PC unit 

American Red 
Cross 

a continuous-flow centrifugal 
apheresis machine 

Health care, 
clinical 

OHSU Transfusion 
Service 

Concentrated platelet 
rich plasma, cPRP 

OHSU Research 
Phlebotomist 

Serial bench centrifugation Research only 
Used within 2 hours 
from blood draw 

 

Table 7.1 Description of platelet concentrate samples used in the study. 
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to pellet the platelets; the final pellet was resuspended in 200µL of serum, counted and adjusted to a 

final count of 4×105 plts/µL. Washed platelets were allowed to rest for 45 minutes before being 

evaluated for baseline and agonist-induced activation and microaggregation. To purify PC unit or 

cPRP supernatants, 20µL of PC units or cPRP were transferred into 1.7mL graduated copolymer 

polypropylene microcentrifuge and spun down at 2500rpm for 10 minutes. 

7.4.5 Platelet activation and microaggregate detection 

PC units or freshly prepared cPRP were pelleted and resuspended in human serum to a final 

concentration of 4×105 plts/µL. Samples were then added to tubes containing vehicle buffer, ADP (3, 

10 and 200 µM final), U46619 (1 and 10 µM final), a combination of ADP and U46619 (10 µM and 

10 µM final each), CRP-XL (0.3, 1 and 10 µg/mL final), TRAP-6 (10 and 30 µM final), a combination 

of CRP-XL and TRAP-6 (10 µM and 30 µM final each), 10 µM epinephrine, or 100 µg/mL fibrillar 

collagen in the absence or presence of 10 µM ADP or 10 µM epinephrine and incubated for 30 

minutes at RT on a shaker agitated at 200rpm. Reactions were stopped by diluting samples 1:10 with a 

quenching solution consisting of modified HEPES-Tyrodes with 40 µM PPACK, 1.5% w/v Na-citrate 

(1:1, v:v).[277] Following this quenching step, 10µL of each sample was added to an additional 10µL 

of quenching solution containing the following anti-platelet antibodies: anti-CD41-PE, anti-CD62P-

APC and anti-CD31-e450, to a final dilution of 1:50, and incubated for 30 minutes at RT in the dark. 

Samples were fixed by diluting 1:10 with quenching solution containing 12.5% CytofixBD. 10,000 

single platelets events were collected by quantifying a PE-conjugated platelet marker CD41 and the 

characteristic forward- and side-scatter scatter patterns using a fluorescence-activated cell sorter, 

FACS (Canto II; BD Biosciences). Platelet activation (%) was determined as the ratio of CD62P 

positive population of CD31/CD41 double-positive events as described previously.[277,313] Percent 

microaggregate formation was determined by the upshift in fluorescence intensity in CD31/CD41 

double-positive events. To measure platelet GPIbα levels, platelets were incubated with 1:50 dilution 

of mouse anti-human monoclonal AK2 primary antibody for 30 minutes at RT followed by 30 minutes 
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incubation with 1:50 final dilution of anti-CD41-PE and anti-CD31-eFluor450 and 1:1000 final 

dilution of anti-mouse IgG-AF640 secondary antibody. 

7.4.6 Flow chamber assay 

Glass capillary tubes/chambers (0.2×2×200 mm; VitroCom) were coated with fibrillar collagen 

(100 µg/mL), VWF (100 µg/mL) or fibrinogen (100 µg/mL) for 1 hr at RT. Surfaces were blocked 

with 5 mg/mL denatured bovine serum albumin (BSA) for 1 hr at RT prior to assembly into a flow 

system as described previously.[277] Platelets content within PC unit samples was quantified. Final 

platelet counts were adjusted to 4×105 plts/µL using autologous supernatants. PC units were then 

perfused through the chambers for 10 minutes at an initial wall shear rate (300 s-1). Platelet 

aggregation was visualized with differential interference contrast microscopy and quantified using 

FlowJo software. 

7.4.7 Immunoblot determination of VWF 

Fifty μg of plasma protein was loaded per well and run under non-reducing conditions as 

previously described.[444] A 1.5% low-to-medium resolution agarose gel was cast using Seakem gold 

agarose. Human VWF, incubated with or without rh-ADAMTS13, was used to confirm antibody 

specificity. After transfer to PVDF membrane, blots were incubated with an anti-VWF primary 

antibody followed by an HRP-conjugated secondary antibody. As a loading control, blots were probed 

for the high molecular weight housekeeping protein vinculin (117 kDa).  Protein bands were visualized 

by chemiluminescence following incubation with SuperSignal West Dura Substrate. Quantitation of 

band area was performed with ImageJ (NIH). 

7.4.8 Statistics 

Data are shown as means ± SEM. Statistical significance of differences between means was 

determined by ANOVA. If means were shown to be significantly different, multiple comparisons were 

performed by the Tukey test. Probability values of P < 0.05 were selected to be statistically 

significant. 
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7.5 Results 

7.5.1 Physical parameters of platelet concentrate sample handling 

After collection of a basal sample, platelet concentrate (PC) units were split into two transport 

study arms (Figure 7.1) and the gravitational forces and transit time experienced by PC units 

transported within the hospital at OHSU via PTS or AMB transport were examined (Figure 7.2). PC 

units were transported via PTS transport for 144±8 seconds, including passage through a redistribution 

center and experienced a maximum of 7.96±0.08, 6.79±0.37 and 7.87±0.12 G forces (n=16) in x-, y- 

and z-coordinate directions, respectively.  

Samples transported via ambulatory (AMB) transport were transported for 90±2 seconds and 

experienced a maximum of 0.64±0.10, 0.46±0.08 and 1.77±0.09 G forces (n=16) in x-, y- and z-

coordinate directions, respectively. Notably, PC units transported via PTS experienced frequent jolts of 

acceleration/deceleration amounting to 547±77 transitions in the z-coordinate direction, whilst AMB-

transported platelets traveled steadily without z-coordinate transitions (Table 7.2 & Figure 7.2). PC 

units were subject to a similar degree of acceleration/deceleration transitions in the x- and y-coordinate 

directions during either PTS or AMB transport.  

    Gs generated     Acceleration / Deceleration jolts 

   Max   ±  SEM  N  Freq. ± SME  t(s) / jolt ± SEM 

Pneumatic tubing 
system transport 

x   7.96  ±  0.08   16   269  ±  54            1.0   ±  0.2  

y   6.79  ±  0.37   16   205  ±  26            1.1   ±  0.3  

z   7.87  ±  0.12   16   547  ±  77            0.4   ±  0.1  

Ambulatory transport 

x   0.64  ±  0.10   16   164  ±  49          17.5   ±  7.1  

y   0.46  ±  0.08   16   257  ±  106            6.8   ±  3.4  

z   1.77  ±  0.09   16   1  ±    -             90.2   ±  1.7  

Centrifugation     
1600 rpm 

x   7.57  ±  0.01   5   2  ±    -       40.2   ±  2.6 

y   7.99  ±  0.01   5   2  ±    -       30.2   ±  3.4  

z   8.16  ±  0.01   5   2  ±    -       37.0   ±  2.3  
 

Table 7.2 Physical parameters of platelet concentrate sample handling. 

Acceleration/deceleration forces generated during each transport type and platelet centrifugation were measured using an 

accelerometer (Apple iPod touch 16gb, 6th gen., IOS 9, SensorLog v1.8). Frequency and duration per jolt of 

acceleration/deceleration transition points were quantified. 
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As a comparator, platelets were subjected to a sustained acceleration of 8.16±0.01 G forces (n=5) 

in the z-coordinate direction during centrifugation at 1600 rpm with a smooth singular transition to 

baseline at the ‘low’ centrifuge brake setting (Table 7.2 & Figure 7.2).  

 

 

 

 

 

 

Figure 7.2 Physical parameters of PC unit handling.  

Acceleration/deceleration profiles generated during transport via pneumatic tubing system (A; n = 16), ambulatory transport (B; n 

= 16) or platelet centrifugation (C; n = 5) as measured using an accelerometer. Representative z-coordinate tracings are shown. 

Data are reported as mean ± SEM. 



173 

 

7.5.2 Effect of transport on platelet activation and aggregation 

We first designed experiments to determine whether PC unit transport had an effect on platelet 

activation or microaggregate formation. Washed platelets were isolated from stored PC units or freshly 

prepared concentrated (c)PRP (Table 7.1), and washed platelet activation was assessed by quantifying 

P-selectin (CD62P) expression (Figure 7.4A & Figure 7.3A). Platelet microaggregate formation was 

quantified by measuring a shift in mean fluorescence intensity of double-positive CD31 and CD41 

events (Figure 7.4B & Figure 7.3B) as described previously.[277,313]  

 

Consistent with previous reports, washed platelets purified from freshly prepared cPRP expressed 

significant levels of P-selectin from α-granules in response to increasing concentrations of the GPCR 

agonists (TRAP-6, ADP, thromboxane A2 analog U46619, epinephrine, or combinations of ADP and 

U46619), the ITAM-mediated (CRP-XL, fibrillar collagen) agonists, or combinations of these as 

compared to the vehicle control (Figure 7.3A). The percent CD62P-positive washed platelets increased 

up to 4-fold in response to ADP, up to 12-fold in the presence of the TxA2 analog, 13-fold in the 

presence of the combination of ADP and U46619, up to 15-fold in the presence of CRP-XL or TRAP-

6, 12-fold in the presence collagen alone, 30-fold in the presence of the combination of collagen and 

either ADP or epinephrine, and 3-fold in the presence epinephrine alone as compared to baseline.  

  

Figure 7.3 Fresh platelet activation and microaggregation.  

Freshly prepared washed platelets were incubated with indicated agonists for 30 minutes, immunostained and evaluated by 

fluorescence-activated cell sorting (FACS) cytometry for percent platelet activation (CD41+/CD31+/CD62P+ events; A) or platelet 

microaggregate formation (high fluorescence intensity CD41+/CD31+ events; B). Mean ± SEM, n = 3. 

 



174 

 

Similarly, freshly prepared washed platelets formed microaggregates in response to increasing 

concentrations and combinations of agonists as compared to the vehicle control (Figure 7.3B). The 

degree of platelet microaggregation increased up to 6-fold in response to ADP, 10-fold in response to 

U46619, 11-fold in response to the combination of ADP and U46619, up to 12-fold in response to 

CRP-XL alone or in combination with TRAP-6, up to 9-fold in response to TRAP-6 alone, at least 11-

fold in response to collagen alone or in combination with ADP or epinephrine, or 5-fold in response to 

epinephrine alone.  

 

Notably, centrifugation of whole blood and cPRP during preparation of freshly washed platelets 

did not induce significant baseline platelet activation nor microaggregate formation. In contrast, 

platelets purified from PC units exhibited increased baseline platelet activation (Figure 7.4A) and 

microaggregate formation (Figure 7.4B) prior to either PTS or AMB transport.  

  

 
Figure 7.4 Effect of transport on platelet activation and aggregation. 
Washed platelets isolated from PC units were collected before (basal) or following transport via pneumatic tubing system transport 

(PTS) or by human courier, ambulatory transport (AMB). Samples were incubated with indicated agonists for 30 minutes, 

immunostained and evaluated by fluorescence-activated cell sorting (FACS) cytometry for percent platelet activation 

(CD41+/CD31+/CD62P+ events; A) or platelet microaggregate formation (high fluorescence intensity CD41+/CD31+ events; B). 

Mean±SEM, n = 7. 
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Furthermore, platelets isolated from PC units were refractory to low doses of the secondary 

mediators of platelet activation, ADP and U46619 at baseline. The percent platelet activation increased 

only 2-fold in response to 200 µM ADP or 10 µM U46619, while only a 3-fold increase was observed 

in response to a combination of 10 µM ADP and 10 µM U46619. The platelet agonists collagen or 

epinephrine alone failed to induce activation of washed platelets from PC units at baseline, while a 3-

fold increase in CD62P expression was observed in response to the combination of collagen with ADP 

or epinephrine. Platelet activation reached a maximum of a 4-fold increase with increasing 

concentrations of CRP-XL, TRAP-6 or combinations of CRP-XL and TRAP-6. Similarly, the percent 

of platelet microaggregation increased only 2-fold in response to 200 µM ADP, 7-fold in response to 

combination of U46619 and ADP, up to 8-fold in response to CRP-XL, 5-fold in response to TRAP-6, 

10-fold in response to the combination of CRP-XL and TRAP-6 and up to 5-fold in response to the 

combinations of collagen and either ADP or epinephrine. 

We did not observe a statistically significant difference in platelet activation or microaggregate 

formation after transport via PTS or AMB as compared to baseline for any of the agonists. Our data 

suggest that transport of PC units via either PTS or AMB routes does not affect agonist-induced 

platelet activation. 

 

7.5.3 Effect of PC unit supernatant on freshly prepared platelet activation and aggregation 

Upon activation, platelets release secondary mediators including ADP to promote platelet 

activation via both paracrine and autocrine signaling. To test if supernatants from PC units contain 

secondary mediators which promote platelet activation, fresh washed platelets purified from cPRP 

were incubated with increasing levels of supernatants from PC units. Our data show that the presence 

of as low as 1% v/v PC unit supernatant was sufficient to induce an increase in P-selectin expression 

and microaggregate formation in freshly washed platelets at baseline (Figure 7.5A&B).  
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The transport of PC units via either PTS or AMB routes did not affect the ability of PC unit 

supernatant to induce activation of freshly washed platelets. In contrast, the supernatant from cPRP 

failed to elicit a response from freshly washed platelets, suggesting that the observed effects of the PC 

units on platelet reactivity was due to PC unit storage rather than the supernatant isolation method used 

herein.  

 

Together this data suggests that the supernatant from stored PC units may promote a baseline 

level of activation, which may dampen further agonist-induced platelet reactivity. This is in line with 

previous studies showing that ADP-stimulated platelets tend to become refractory to stimuli over 

time.[445,446]  

 

  

 
 

Figure 7.5 Effect of PC unit supernatant on fresh platelet activation and aggregation.  

PC units were collected before (basal) or following transport via pneumatic tubing system transport (PTS) or by human courier, 

ambulatory transport (AMB) and pelleted by centrifugation to isolate supernatants. Freshly prepared washed platelets were 

resuspended in serum supplemented with indicated fraction (percent total volume) of PC unit supernatants. As a control, freshly 

washed platelets were resuspended in serum supplemented with supernatants isolated from cPRP. Fresh platelet activation (A) 

and microaggregate formation (B) in the presence of indicated levels of platelet supernatants were quantified by FACS; 

Mean±SEM, n = 4. 
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7.5.4 Effect of stored PC unit handling on platelet binding to collagen and VWF under shear 

We next examined the effect of the transport of PC units on the platelet hemostatic function of 

binding to exposed ECM and adhesive proteins under shear. For each transport method, final platelet 

counts were adjusted to 4×105 plts/µL using autologous supernatants. Platelet suspensions were 

perfused over immobilized fibrillar collagen, VWF or fibrinogen at a venous shear rate of 300 s-1. We 

compared the degree of platelet adhesion (expressed as surface coverage) after 10 minutes.  

Our data show that platelets in PC units prior to transport bound and aggregated on surfaces of 

collagen, VWF and fibrinogen (Figure 7.6A&B). Equivalent levels of platelet adhesion and 

aggregation were observed for platelets in PC units after AMB transport. Surprisingly, the degree of 

platelet adhesion and aggregation on collagen and VWF was reduced for platelets in PC units that had 

been transported via PTS. This raised the question of whether PTS transport effected the expression of 

the platelet VWF receptor, GPIb, in light of the fact that platelet activation was unaffected by transport 

of PC units via PTS. 

 

 

Figure 7.6 Effect of PC unit handling on platelet binding to collagen and VWF under shear.  

PC units were collected before (basal) or following transport via pneumatic tubing system transport (PTS) or by human courier, 

ambulatory transport (AMB). Platelets content within PC units was quantified and final platelet counts were adjusted to 

4×105 plts/µL using autologous supernatants. Samples were perfused over surfaces of immobilized collagen, VWF or fibrinogen 

at a shear rate of 300 s-1 for 10 minutes. Differential interference contrast (DIC) microscopy of platelet adhesion and aggregation 

representative of three separate experiments (A) and surface area quantification mean±SEM (B) are shown. *, **, # and ## indicate 

statistically different groups with corresponding p-values of 0.010, 0.013, 0.027 and 0.003, respectively. 
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7.5.5 Effect of PC unit handling on levels of platelet GPIb receptor and VWF forms 

We next studied whether transport of PC units effected platelet GPIb receptor expression levels. 

Our results show that the expression level of GPIb was equivalent on platelets in PC units prior to and 

after transport via either PTS or AMB routes (Figure 7.7A). Moreover, GPIb levels on platelets in PC 

units were equivalent to GPIb levels measured on freshly washed platelets.  

We next examined levels of VWF multimer forms in supernatants isolated from PC units prior to 

and following transport via either PTS or AMB routes. We found that when normalized to the 

housekeeping protein, vinculin, PC unit fractions isolated at baseline or following PTS or AMB 

transport contained similar levels of total VWF, although the levels were slightly higher than the levels 

observed in freshly prepared platelet-rich plasma (Figure 7.7B). The distribution of dimer and 

multimer forms of VWF was equivalent in the plasma of PC units prior to transport as compared to 

following transport via either PTS or AMB routes (Figure 7.7C). In summary, our data show that 

transport of PC units via either PTS or AMB methods does not affect either platelet GPIb receptor 

expression or VWF multimer distribution as compared to prior to transport. 

 

  
 

Figure 7.7 Effect of PC unit handling on levels of platelet GPIb receptor and VWF forms. 

PC units were collected before (basal) or following transport via pneumatic tubing system transport (PTS) or by human courier, 

ambulatory transport (AMB) and were immunostained for surface expression of GPIb and evaluated by FACS. Geometric mean 

fluorescent intensity (GeoMFI) of GPIb levels were normalized to levels found in freshly prepared cPRP samples. Mean±SEM,     

n = 4. (A). In select experiments, PC units and cPRP samples were pelleted by centrifugation to isolate and test supernatants for 

VWF multimers by Western blot. Total levels of VWF forms were normalized to vinculin (B; ns = not statistically significant with 

p = 0.1173, ** p = 0.0331 and *** p = 0.0123; n = 4). Ratios of VWF forms, high molecular weight multimer (HMWM), dimer 

and mature, were normalized to mature VWF forms (C; n = 4). 
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7.6 Discussion 

Hemorrhage remains a major cause of death in trauma patients.[447–450] Inclusion of PC units 

as part of the early resuscitation strategy has been shown to promote survival of severely injured 

patients[451–453] and improve outcomes in patients with clinically relevant thrombocytopenia.[454] 

PC units are thus frequently rushed to the patient care teams as soon as the need is determined; 

commonly, pneumatic tubing systems (PTS) are used to accelerate and secure access of this vital 

transfusion product. Interestingly, several studies have indicated that transport of whole blood via PTS 

leads to abnormal platelet function test results as compared to AMB transport.[436–442,455] In fact, 

these collective findings have led to establishment of the international recommendation against the use 

of PTS for transport of clinical samples for platelet function testing.[434,435] It is puzzling that while 

PTS is no longer recommended for transport of clinical samples for platelet testing it is permitted and 

is frequently used for transport of PC units to be transfused into patients. Our case study was designed 

to examine whether transport of PC units via PTS transport effected platelet activation and function. 

Donation of PC units involves a significant donor time involvement as well as a number of short-

term and long-term risks to donor including compromise of immediate hematologic parameters, 

thrombopoiesis and bone demineralization.[456,457] Most of the studies looking at possible effects of 

PTS transport on platelet function have focused on the transport of whole blood sample via PTS and 

the use of a single concentration of a singular agonist or treatment coupled with platelet function 

tests.[458,459] In our study we quantified the acceleration/deceleration profiles that PC units 

experience within the OHSU PTS as compared to during ambulatory (AMB) transport. Our case study 

shows that subjecting PC units to rapid changes in gravitational forces during PTS transport does not 

affect platelet response to soluble platelet agonists, GPIb receptor expression or VWF multimer levels. 

A slight decrease was observed in the degree of platelet aggregation on collagen and VWF, and we are 

currently investigating the mechanism behind this reduction in aggregate formation. It is unclear 
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whether a slight decrease in aggregate formation is indicative of a clinically relevant loss of hemostatic 

function, however.   

Our data indicate that platelets transported via PTS did not exhibit higher levels of activation or 

microaggregation as compared to platelets transported by an AMB method. This finding was 

consistent with Javela et al. who also showed that storage time rather than handling of PC units 

promoted baseline platelet CD62P-secretion.[460] Other groups have also shown that PTS had no 

effect on platelet metabolic activity, activation or secretion as a function of time of 

storage.[455,461,462] Moreover, recent work by Kelly et al., showed that the ability of PC units to 

increase platelet count in non-bleeding cancer patients with thrombocytopenia was independent of the 

degree of platelet function as measured by aggregometry, P-selectin expression and fibrinogen 

binding.[463] Thus, perhaps as long as patients have a threshold concentration of functional platelets 

in circulation, the transfusion of additional platelets, even though they may exhibit reduced absolute 

activity, may be sufficient to stop bleeding. In this setting, the reactivity of the platelets within PC 

units may be secondary to the ability to rapidly transport PC units to patients at risk of hemorrhage. 

Conversely, in severely injured patients with thrombocytopenia and platelet dysfunction, the 

transfusion of PC units that retain platelet function may be paramount to promote hemostasis. Further 

studies are needed to properly assess the effect of transport on the stored PC units function in different 

patient populations to guide an appropriate utilization of this important therapeutic reagent. 

Clinical assessment of platelet function is complicated by a number of variables; historically, 

platelet function tests are notorious for their technical complexity and limited utility due to potential 

effects of sample handling during transport, platelet fragility and use of purification 

steps.[438,458,464–467] The assessment of PC units is further complicated by platelet storage 

conditions during which platelets are prone to secrete secondary mediators, alter receptor availability, 

skew platelet response to stimuli and their ability to interact with certain ECM 

proteins.[445,446,462,468–472] Furthermore, others have found that storage combined with increased 
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frequency of the PTS transport dramatically decreases platelet function as assessed by aggregometry in 

the presence of collagen, ADP, TRAP-6 or arachidonic acid.[462] During the past two decades, 

significant strides have been made to improve and simplify platelet testing including taking it out of 

the niche testing labs and making tests more portable and predictive of clinical outcomes.[458,459] 

The potential commercialization of closed and open system methods using small volume whole blood 

samples hold the potential for the timely assessment of patient platelet function which may accelerate 

and simplify our understanding of patient-specific hemostatic capacity to guide potential 

interventions.[328,438,473–478] 

This report focused on the study of the effect of PC unit handling during transport within a single 

hospital. We utilized PC units released from the clinical inventory in accordance with the American 

Red Cross guidelines. The timeframe for PC unit storage and expiration timeframe is set by the Red 

Cross to primarily prevent bacterial burden within blood component stored at RT. However, it is also 

likely that recently expired platelets maybe be less desirable for transfusion due to the accumulation of 

significant levels of platelet secondary mediators within the PC unit supernatant.[479] Furthermore, 

our data is in accord with the notion that PC unit storage may promote increased levels of high 

molecular weight VWF multimers (HMWM), which may be caused by stored platelet release of 

HMWM resistant to degradation by ADAMTS13.[480–483] With these limitations in mind it is 

important to note that we did not observe a difference in GPIb receptor expression between fresh and 

stored platelets.[484–489] While platelet transport via PTS had no effect on GPIb or VWF levels, we 

found that stored platelets exposed to high frequency of acceleration/deceleration jolts exhibited 

reduced aggregate formation on immobilized surfaces of collagen or VWF under shear. Future work 

using freshly isolated platelets will be focused on determining whether PTS plays a role in altering 

conformations of receptors and proteins that mediate these interactions, GPIb and VWF, and 

attempting to correlate these findings to clinical outcomes in patients who undergo platelet 

transfusion.[490,491]  
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 Design and utility of a point-of-care microfluidic platform to assess hematocrit 

and blood coagulation  

Jevgenia Zilberman-Rudenko, Rachel M. White, Dmitriy A. Zilberman,  

Hari H.S. Lakshmanan, Joseph J. Shatzel, Jeevan Maddala, Owen J.T. McCarty 

 

8.1 Abstract 

Purpose: To develop a small volume whole blood analyzer capable of measuring the hematocrit 

and coagulation kinetics of whole blood.  

Methods and Results: A parallel-plate microfluidic chamber designed to facilitate self-driven 

capillary action across an internal electrical chip was developed and used to measure the electric 

parameters of whole human blood that had been anticoagulated or allowed to clot. To promote blood 

clotting, select chip surfaces were coated with tissue factor (TF), which activates the extrinsic pathway 

of coagulation to promote thrombin generation and fibrin formation. Whole human blood was added to 

the microfluidic device and voltage changes within the platform were measured and interpreted using 

basic RC circuit and fluid dynamics theory. Upon wetting of the sensing zone, the circuit between the 

two electrodes within sensing zone was closed to generate a rapid voltage drop from baseline. The 

voltage then rose due to sedimentation of red blood cells (RBC) in the sensing zone. The time for the 

voltage to return to the baseline level was dependent on hematocrit for anticoagulated blood samples. 

The initiation of fibrin formation in the presence of TF prevented the return of voltage to the baseline 

due to the reduced packing of RBCs in the sensing zone in the presence of coagulation.  

Conclusions: The technology presented in this study has potential for monitoring the hematocrit 

and coagulation parameters of patient samples using a small volume of whole blood, suggesting it may 

hold clinical utility as a point-of-care test. 

Chapter 8. was submitted for publication with the Biomedical Engineering Society,  

in Cellular and Molecular Biomedical Engineering, Springer Publishing, February 2018. 
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8.2 Introduction 

Clinically, it is vital to rapidly assess hemostasis in emergency situations especially when a 

patient is unresponsive and there is a suspicion of an intracranial bleeding. Point-of-care testing has the 

potential to quickly identify anticoagulated patients allowing providers to initiate appropriate reversal 

agents to promote stabilization of patients. The dynamic reactions in the blood that lead to hemostatic 

clot formation are dependent on levels and activity of blood plasma coagulation factors as well as 

cellular components, including platelets and red blood cells (RBC). Furthermore, detection of changes 

in RBC content may be useful in detection of an active bleed or dehydration and, together with other 

clinical findings (e.g. vitals), may help guide appropriate patient care. In this chapter we apply our 

understanding of coagulation dynamics as well as biorheology and describe development and potential 

utility of a point-of-care microfluidic platform to assess hematocrit and blood coagulation activity. Our 

results show that our platform is sensitive to the rate of RBC packing into the sensing zone in the 

presence or absence of coagulation pathway activation. We show that using RC and fluidics theory we 

can analyze electrical read-out from our platform to calculate hematocrit of a sample. Together, this 

platform has a potential for a multiplexed analysis of a small volume of whole blood, which may be of 

use in an emergency medicine situation. 

 

8.3 Background 

Hemostasis is a vital physiological response to vessel injury, involving the dynamically regulated 

process of thrombus formation at the blood vessel wall to halt blood loss and maintain organ perfusion. 

Thrombosis is a pathophysiological process involving excessive thrombus formation within blood 

vessels that may progress to vessel occlusion and the threat of organ ischemia. Both processes, 

hemostasis and thrombosis, rely on the intermingled activation and inhibitory pathways of platelets 

and coagulation factors within the blood stream. 
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A wide range of basic clinical tests exist to assess coagulation parameters, platelet function and 

blood cellularity (complete blood cell count, CBC) separately. Yet, these tests fail in part to account 

for the interlink between the parameters as well as the complexities of blood reactions in the 

framework of blood biorheology. Specifically, the red blood cell content of blood, or hematocrit, can 

play a major role in platelet availability at the vessel wall[492] as well as the viscosity of 

blood.[493,494] Clinically, decreased hematocrit has been shown to be predictive of bleeding,[495] 

while increased hematocrit has been linked with thromboembolic complications.[312]  Furthermore, 

blood behaves as a complex non-Newtonian particle suspension and blood rheology drastically differs 

in the setting of laminar or turbulent flows and varying shear flow gradients. 

Clinical coagulation tests, such as the prothrombin time (PT) and activated partial thromboplastin 

time (aPTT) are used to assess blood clotting function in patients. These tests are performed by 

assessing clotting of isolated platelet poor plasma (PPP) in the presence of known activators of 

coagulation cascade via either the extrinsic pathway (lipidated tissue factor, TF, for PT) or the intrinsic 

pathway (silica or ellagic acid for aPTT) in a closed test system. These tests can provide useful 

information for pinpointing specific coagulation factor deficiency or monitor the drug effects of 

anticoagulant therapy. However, such tests currently require a sizable blood donation from a patient 

per test performed by trained personnel to collect blood, isolate and test plasma, all of which may be 

time consuming and costly. 

A number of miniaturized technologies reliant on microfluidic engineering have been designed 

for use with whole blood or blood products. Some of these have become commercially available for 

use in the hospital setting and serve as popular means of bedside testing to facilitate a rapid assessment 

of specific patient parameters (metabolite and protein levels, coagulation tests etc.). These 

technologies have become increasingly user friendly and provide fast testing turn around, which can be 

vital for emergent situations or even at-home testing. However, additional considerations such as cost 
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and requirements of separate cartridges and sometimes even computational modules make this 

technology less accessible to the public at present. 

In the study described within, we built upon our understanding of print electronics and 

microfluidic technology to create a microfluidic platform that only requires picoliters of whole blood. 

We aim to produce a cartridge technology that is compatible with home-based computational modules. 

The initial goal of this technology was to test blood flow dynamics for both anticoagulated blood as 

well as for blood in the presence of coagulation with a focus of assessing patient hematocrit and 

hematocrit-adjusted coagulation. 

 

8.4 Materials and Methods 

Materials and Reagents 

Prothrombin time (PT)-reagent Dade® Innovin® was purchased from Siemens (Munich, 

Germany). Corn Trypsin Inhibitor (CTI) was purchased from Enzyme Research Laboratories, Inc. 

(South Bend, IN). Electronic chips were produced via a high-throughput silica printing process at HP, 

Inc (Corvallis, OR). All other materials were purchased from Sigma-Aldrich (St. Louis, MO) or 

previously cited sources.[268,496] 

 

Microfluidic platform design and chip parameters 

The platform was designed as a parallel-plate microfluidic device with an internal electronic chip 

supplied by direct current (DC). The microfluidic device connected a sample inlet and the sensing zone 

with an outlet open to the air (Figure 8.1A-C). The sensing zone of the chip included two co-planar 

electrodes, where electrode 1 (E1) was connected to ground, while electrode 2 (E2) was connected to 

an input voltage via a pullup resistor (R1) and a DC switch (Figure 8.1D). E1 and E2 were designed to 

be separated by a physical gap and to remain electrically decoupled in a dry empty device. The electric 
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current path between E1 and E2 was expected to be established upon wetting of the sensing zone with 

a sample. 

 

Functionalization of microfluidic devices with an activator of the extrinsic pathway of coagulation 

Microfluidic devices were incubated with 1 µL of stock solution of tissue factor (TF)-containing 

PT-time reagent (Dade Innovin) for 1 hour under rotation at room temperature. The introduction of 

Innovin into the sensing zone corresponded with a drop in the measured voltage across the electrodes 

E2 to E1. Next, devices were rinsed with phosphate buffered saline (PBS) pH 7.4 and dried by 

vacuum-aspiration of liquid from the inlet and outlet. Surfaces were then blocked with 5 mg/mL 

denatured bovine serum albumin (BSA) for 1 hour at room temperature, followed by a rinse with PBS 

and drying of the device. 

 

Time constant approximation 

Using Ohm’s Law, voltage contribution due to red blood cell (RBC) sedimentation within the 

sensing zone was treated as RBC membranes acting as leaky capacitors [497–502] leading to an 

increase of measured voltage over time with an exponential decay (Figure 8.3A&B). It was assumed 

that in the absence of coagulation, RBCs are free to flow and sediment within the sensing zone; thus, 

the measured 휀 would increase as a function of time until the maximal packing capacity of RBCs 

within the sensing zone was achieved. Thus, the time to maximal packing capacity is assumed to be a 

function of hematocrit (ratio of the volume of RBCs to the total volume of blood). Using this 

assumption, a basic approximation of the time constant, 𝜏𝐻𝑥
, was derived for samples with different 

hematocrits.  

Using experimentally acquired voltage profiles of a whole blood sample with hematocrit of 43 

percent (Figure 8.2), the sample flow rate was estimated as: 

𝑄𝐻43 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑆𝑒𝑛𝑠𝑖𝑛𝑔 𝑧𝑜𝑛𝑒/𝑡𝜀(𝐻43), (1) 
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where 𝑡𝜀(𝐻43) is the time required for the voltage to rise from transition #2 (Figure 8.2B) to final 

voltage plateau 휀, transition #3. 

 𝑉𝑜𝑙𝑢𝑚𝑒𝑆𝑒𝑛𝑠𝑖𝑛𝑔 𝑧𝑜𝑛𝑒 was set as a constant volume of the sensing zone to be occupied by RBCs to 

achieve 휀. 

Knowing the fraction of RBCs within the sample, the bulk flow rate was estimated as: 

𝑄 = 𝑄𝐻43 ∗ 100/43   (2) 

For ‘Approximation 1’ of 𝜏𝑥, flow rates (𝑄𝐻𝑥
) for samples with different hematocrits (𝐻𝑥) were 

calculated by multiplying the bulk flow rate by the percent hematocrit fraction (Figure 8.3C). Next, 

𝑉𝑜𝑙𝑢𝑚𝑒𝑆𝑒𝑛𝑠𝑖𝑛𝑔 𝑧𝑜𝑛𝑒 was divided by respective 𝑄𝐻𝑥
 to calculate 𝑡 𝜀(𝐻𝑥). Using RC circuit theory, 𝜏𝑥 was 

approximated by dividing 𝑡 𝜀(𝐻𝑥) by 5. This ‘Approximation 1’ 𝜏𝑥 vs. 𝐻𝑥 is depicted in Figure 8.3D in 

grey. 

For ‘Approximation 2’ of 𝜏𝑥, we accounted for the possible effect of hematocrit on blood 

viscosity.[493,503–505] Using Hatschet’s formula[503] modified by Pirofsky,[504] a relationship 

between hematocrit (𝐻𝑥) and blood viscosity (𝜇𝑥) was expressed as follows: 

𝜇𝑥 =  
𝜇𝑝𝑙𝑎𝑠𝑚𝑎

1− 𝐻𝑥
1 3⁄          (3) 

Given that the flow rate of a particle is inversely proportional to the viscosity of the particle 

suspension, which in this case is blood, the relationship can be given as: 

𝑄𝐻43
∝  

1

𝜇𝑥
   (4) 

To arrive at an adjusted bulk flow 𝑄′, bulk flow 𝑄 (derived in equation 2) was multiplied by the 𝜇𝑥 for 

a hematocrit of 43. Subsequently, 𝜇𝑥 and 𝑄′𝐻𝑥
 for a range of hematocrits was derived and used to 

calculate adjusted 𝑡 𝜀(𝐻𝑥) and 𝜏𝑥 as above. This ‘Approximation 2’ 𝜏𝑥 vs. 𝐻𝑥 is depicted in Figure 8.3D 

in black. 
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Human venous and capillary blood collection  

Venous whole human blood was drawn by venipuncture from healthy adult volunteers into either 

a dry syringe, a syringe containing a bivalent direct thrombin inhibitor (hirudin, 40 µg/mL final) or 

trisodium citrate (0.38% w/v) in accordance with the Oregon Health & Science University Institutional 

Review Board. To isolate RBCs, whole blood was spun down at 1600 rpm for 10 minutes at RT in a 

Hermle Z300 centrifuge outfitted with rotor 221.12 V01 (Labnet, Edison, NJ). After the first spin, 

platelet rich plasma (PRP) was transferred into a new tube and, when appropriate, PRP was spun down 

again at 2500 rpm for 10 minutes to isolate platelet poor plasma (PPP). All blood products were used 

within 2 hours of the blood draw. 

 

Statistics 

Data are shown as means ± SEM. Statistical significance of differences between means where 

noted was determined by ANOVA. Probability values of P < 0.05 were selected to be statistically 

significant. 
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8.5 Results 

8.5.1 Design of a microfluidic platform for use with blood samples  

The microfluidic blood analyzer platform was manufactured as a microfluidic device with an 

internal mass-printed electronic chip. The device was incased into an insulating plastic, which allowed 

handling and connection of the platform to a range of output modules via a USB adapter (Figure 

8.1A&B). The parallel-plate microfluidic device connected a sample inlet to the sensing zone 

containing an outlet open to air (Figure 8.1A-C). The sensing zone of the chip included two co-planar 

gold (Au) electrodes physically separated by a gap and electronically uncoupled, with electrode 1 (E1) 

connected to ground, while electrode 2 (E2) connected to input voltage via a pullup resistor (R1) and a 

DC switch (Figure 8.1D). 

 

 

 

Figure 8.1 Design of a microfluidic platform for use with blood samples.  

(A) Illustration of the experimental setup. (B) Photograph of the assembled device. (C) Illustration of the sensing zone with two 

gold (Au) electrodes. (D) Basic circuit design in the absence of blood sample. 
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8.5.2 Microfluidic platform with anticoagulated whole human blood sample 

To study electrical parameters of anticoagulated whole human blood within our microfluidic platform, 

venous whole blood samples were collected from a healthy human donor (Hematocrit of 43) and 

anticoagulated with a bivalent direct thrombin inhibitor (40 µg/mL hirudin). Microfluidic device 

surfaces were blocked with bovine serum albumin (BSA) and vacuum-aspirated prior to addition of 

the blood sample (Figure 8.2A, panel 1). Notably, addition of a buffer to the sensing zone resulted in a 

rapid if not instantaneous drop in voltage from 

Vmax (~3.3 V) to ~2.1V; this voltage drop could 

be reversed by subsequent removal of buffer 

out of the device by vacuum-aspiration (data 

not shown).  

Anticoagulated whole blood was added to 

the sample inlet and progressed quickly (within 

5 seconds) by self-driven capillary action to the 

outlet within sensing zone (Figure 8.1); the 

presence of red blood cells (RBCs) within the 

sensing zone was visualized with light 

microscopy Figure 8.2A, panel 2). The wetting 

of the sensing zone with a blood sample 

produced a rapid drop in the voltage from Vmax 

to ~2.1V (corresponding to transition from 

point 1 to point 2 on the graph in Figure 8.2B). 

With increasing time, RBCs would enrich 

within the sensing zone resulting in decreased 

light transmittance through the sensing zone 

 

Figure 8.2 Microfluidic platform with anticoagulated whole 

human blood sample.  

Venous whole blood samples collected from a healthy human 

donor (Hematocrit of 43) were anticoagulated with bivalent direct 

thrombin inhibitor (40 µg/mL hirudin) and applied to the inlet of 

the microfluidic device. Real-time progression of blood sample 

within microfluidic device was (A) visualized with light 

microscopy with pertinent transition points shown in panels (1-3) 

and (B) labeled on the voltage profile (1) dry sensing zone prior to 

blood entry, (2) entry of blood samples and (3) sedimentation of 

RBCs within sensing zone. Data representative of n > 30. 
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(Figure 8.2A, panel 3) and the increase in voltage measured (Figure 8.2B). Eventually, RBCs packing 

would near maximal capacity, as observed via microscopy as a lack of RBC movement; 

correspondingly, the voltage returned to near Vmax (Figure 8.2B, point 3).  

 

8.5.3 Estimation of microfluidic platform voltage sensitivity to hematocrit  

We next approximated the dependence of voltage on the concentration of RBCs (hematocrit). We 

used experimental observations of voltage measurements for a blood sample with a hematocrit of 43 

percent (Figure 8.2) and adapted a previously validated three-element-model of blood;[506,507] where 

blood components were modeled as an RC circuit comprised of two resistor components, 

corresponding to resistive properties of blood plasma (Rp) and intracellular components of blood cells 

(Ri), and a capacitor (Cm), corresponding to a collective capacitance of RBC membranes (Figure 

8.3A).  

Human whole blood was assumed to be a non-Newtonian suspension of cells and proteins under 

laminar flow existing in a stable neutralized state facilitated by electrostatic repulsion of blood cells 

and proteins.[508,509] We assumed that the experimentally measured rise in voltage (transition from 

point 2 to point 3 in Figure 8.2B) corresponded with RBCs sedimentation into the sensing zone with 

RBCs acting as leaky capacitors,[497–502,510] resulting in an increase in measured voltage over time 

in accord to Ohm’s law (Figure 8.3B). We further assumed that in the absence of coagulation, the 

maximal capacity of RBCs packing would be equivalent regardless of the initial hematocrit and thus 

leading to the same voltage rise (휀) from ~2.1V to Vmax. 
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Using these assumptions, we were then able to model the time evolution of the RBC-dependent 

voltage rise and estimated time required to reach (휀) for a sample with hematocrit of 43 percent 

(𝑡 𝜀(𝐻43)). We also were able to model the time constant, 𝜏𝐻43, which corresponds to time required to 

reach 0.632휀 and equals to 

approximately 1/5th of the 𝑡 𝜀(𝐻43). 

Knowing the total volume of the 

sensing zone, we derived a basic 

estimate of the flow rate of blood 

samples (𝑄𝐻43) by dividing the sensing 

zone volume by 𝑡 𝜀(𝐻43). 

For ‘Approximation 1’ of 𝝉𝑯𝒙
 as 

function of hematocrit (𝑯𝒙), RBCs in 

samples with different hematocrits were 

predicted to have equivalent flow 

profiles regardless of hematocrit 

(Figure 8.3C) and thus the bulk flow 

was estimated by dividing the sample 

flow rate (𝑄𝐻43) by the RBC content 

(hematocrit percent).  

The flow rates of samples with 

different hematocrits were then calculated by multiplying the bulk flow rate by hematocrit percent. 

These values were then used to predict the time to 휀 for select hematocrits and divided by 5 to estimate 

𝜏𝐻𝑥
 as a function of hematocrit. The resultant ‘Approximation 1’ 𝜏𝐻𝑥

 values were plotted (grey curve) 

as a function of hematocrit (Figure 8.3D).  

 
 

Figure 8.3 Estimation of microfluidic platform voltage sensitivity to 

hematocrit.  
(A) Assumed three component blood circuit addition between two 

electrodes. (B) Voltage profile of a RBC-capacitor contribution based on 

Ohm’s Law. (C) Illustration of RBC flow rate assumptions for 

approximation of the time constant values (𝜏𝐻𝑥
) as a function of hematocrit: 

approximation 1 accounted for bulk blood flow only and approximation 2 

accounted for viscosity and blood flow profile change due to hematocrit 

increase. (D) Plot of approximated 𝜏𝐻𝑥
 values as a function of sample 

hematocrit using approximation 1 (grey line) and approximation 2 (black 

line). The normal hematocrit range for men (40 to 54%) and women (36 to 

48%) is highlighted with a grey box. 
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For ‘Approximation 2’ of 𝜏𝐻𝑥
 as function of hematocrit (𝐻𝑥), the blood sample viscosity was 

modeled to be dependent upon the hematocrit (Figure 8.3C).[493,503–505] We divided the blood flow 

rate (𝑄𝐻43) by a viscosity factor that accounts for changes in viscosity due to RBCs, [503,504] 

calculated for sample with a hematocrit of 43 percent. The resultant flow rate (𝑄′𝐻43) was then used to 

calculate an adjusted bulk flow rate and ‘Approximation 2’ of 𝜏𝐻𝑥
 (black curve) as function of 

hematocrit (Figure 8.3D),  

Both our approximations predict that 𝜏𝐻𝑥
 should decrease exponentially with increases in 

hematocrit. 

 

8.5.4 Sensitivity of the microfluidic platform to hematocrit 

We next evaluated the sensitivity of our device to hematocrit in order to compare our predicted 

values to experimental data. We therefore prepared whole human blood samples with select 

hematocrits. Fresh whole human blood was collected by venipuncture and anticoagulated with a 

bivalent direct thrombin inhibitor (40 µg/mL hirudin). Blood was then subjected to a series of 

centrifugation steps to isolate RBC, platelet-rich plasma (PRP) and platelet-poor plasma (PPP) 

fractions. The RBC pellets were diluted with autologous PPP to select levels of hematocrit before use 

in the microfluidic devices. Our data shows that the time to reach 0.632휀, or 𝜏𝐻𝑥
, decreased as a 

function of hematocrit (𝐻𝑥), with a longer 𝜏𝐻𝑥
 observed with lower hematocrit (Figure 8.4A). 

We next plotted 𝜏𝐻𝑥
 values, calculated from voltage profiles, as a function of hematocrit levels to 

study the relationship between 𝜏𝐻𝑥
 and hematocrit (Figure 8.4B). The 𝜏𝐻𝑥

 times calculated from 

experimental data exponentially decreased with hematocrit level. Approximated values of 𝜏𝐻𝑥
 

approached the empirical values of 𝜏𝐻𝑥
 for the physiological ranges of hematocrit (36-54%).[511]  

Notably, 𝜏𝐻𝑥
 values for samples with hematocrit range below 20 percent were significantly (p < 

0.001) higher as compared to the normal range, suggesting that this microfluidic platform may be 
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sensitive enough to identify patients with clinically unsafe low levels of hematocrit.[512] In the 

presence of elevated hematocrits outside the normal range, the approximations diverged into either 

lower or higher 𝜏𝐻𝑥
 values as compared to experimental values, suggesting additional forces may be 

affecting the flow of RBCs at elevated hematocrit levels. 

 

 

 

8.5.5 Sensitivity of the microfluidic platform to coagulation 

We next assessed the sensitivity of our microfluidic platform to initiation of coagulation. Select 

microfluidic devices were functionalized with lipidated tissue factor (TF), which activates the extrinsic 

pathway of coagulation (Dade® Innovin®). Venous whole blood was collected into an empty syringe 

and pretreated with either vehicle buffer control, a bivalent direct thrombin inhibitor (hirudin) or an 

inhibitor of coagulation factor XIIa (corn trypsin inhibitor, CTI). Samples were added to microfluidic 

devices and real-time voltage recordings were obtained.  

 
Figure 8.4 Sensitivity of the microfluidic platform to hematocrit.  

Venous whole blood anticoagulated with bivalent direct thrombin inhibitor (hirudin) was subjected to series of centrifugation 

steps to isolate RBC, platelet-rich plasma (PRP) and platelet-poor plasma (PPP) fractions. RBC pellet was diluted with 

autologous PPP to indicated levels of hematocrit and samples were applied to BSA-coated microfluidic devices. (A) Real-time 

progression of blood cell suspension within microfluidic device was recorded using voltage measurement. The dashed arrows 

indicate calculation of empirical time constant values (𝜏𝐻𝑥
) for samples with different hematocrits. (B) Plot of empirical 𝜏𝐻𝑥

 

values for samples with different hematocrit content is shown as Mean  SEM, n ≥ 3. Single points were fitted to an exponential 

decay curve (solid black line) and compared to approximated 𝜏𝐻𝑥
 values from Figure 8.3 (dashed lines). The normal hematocrit 

range for men (40 to 54%) and women (36 to 48%) is highlighted in grey. 
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Regardless of the anticoagulant, a near instantaneous drop in voltage was observed following 

introduction of blood into the device (Figure 8.5). For samples pretreated with hirudin, a similar 

change in voltage as a function of time was observed as compared to the profile observed for chambers 

coated with or without TF. In contrast, a sudden drop was observed upon entry of non-anticoagulated 

blood into TF-coated chambers, yet the voltage remained depressed throughout the observation period, 

presumably due to the fact that rapid fibrin formation slowed the blood flow and prevented RBCs from 

packing into the sensing zone. A slight recovery of voltage was observed when blood was pretreated 

with the FXIIa inhibitor CTI. Taken together our data demonstrates that this device platform is 

sensitive to both RBC content as well as the rate of fibrin formation. 

 

  

 
 

 

Figure 8.5 Sensitivity of the microfluidic platform to coagulation.  

Non-anticoagulated venous whole blood was pretreated with either vehicle buffer control, abivalent direct thrombin inhibitor 

(hirudin) or coagulation factor XIIa inhibitor (corn trypsin inhibitor, CTI) and added to either BSA-blocked or Innovin-coated 

microfluidic device. The real-time progression of blood cells within cartridge was recorded using voltage measurements. Graphs 

are representative of results from n ≥ 4 repeats. 
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8.6 Discussion 

The target of this work was to establish a microfluidic platform utilizing an electrical chip design 

that allows testing of whole blood dynamics for hemostatic assessment. We have developed a rational 

microfluidic device design that allows a self-driven passive flow of a blood sample through the sensing 

zone coupled with a signal processing algorithm that helps to isolate a signature of red blood cell 

(RBC) sedimentation and packing. The platform allows for an evaluation of hematocrit using an RC 

circuit and fluid dynamic theory of RBC transport in whole blood. The platform is sensitive to the rate 

of thrombin generation and fibrin formation, when the chip is functionalized with an initiator of the 

extrinsic pathway of coagulation (tissue factor). Together, this platform has a potential for a 

multiplexed analysis of a small volume of whole blood. 

Several portable small volume blood analyzer platform designs have proven to be successful in a 

clinical point-of-care setting. Notably, Abbott’s iSTAT® technology allows for rapid testing of blood 

parameters in emergency medicine and surgical settings. The iSTAT®-specific computational module 

is compatible with a wide range of cartridges for bedside testing of basic coagulation as well as 

metabolic panels in naïve venous blood.[513,514] While use of these portable blood analyzers 

provides information used for immediate care, design of patient treatment plans typically requires 

analysis of blood samples in a routine clinical blood laboratory panel including but not limited to 

PT/INR, CBC and levels of specific coagulation markers.[513] Thus, there exists a need for a point-of-

care technology that provides these values in emergency or surgical settings. 

Roche and Alere have developed computational modules with cartridges compatible with 

capillary blood samples obtained via finger prick for the intended use by patients to assess their 

hemostatic state at home. However, since hemostasis is a complex process involving blood enzymes as 

well as cells, results from these designs may not account for flow-dependent parameters of blood 

clotting at distinct shear rates in different vessel beds. Specifically, when it comes to assessment of 

patients on anticoagulation therapy and other contributing factors to prothrombotic phenotypes such as 
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inflammation or cancer, failure to account for cellular components involved in whole blood clotting 

may underestimate the clotting kinetics which in turn may compromise the information patients use to 

adjust their therapy with potentially deleterious repercussions to their health; this is in part why the 

Alere INRatio2® home testing module-cartridge technology was recently recalled.[515] 

Part of the goal of at-home testing devices is to reduce costs and exposures involved with 

frequent hospital visits for patients on chronic anticoagulation and other types of hemostatic 

irregularities. After appropriate patient coaching by a physician, access to data from home tests can 

further provide a sense of comfort for both the patient and the provider. Currently marketed 

technologies to measure coagulation range in cost from $1000-$2000 for the computational module 

itself; additional costs are incurred to purchase the test cartridges. These costs may in part prohibit the 

use of such technologies for fixed income patient population groups. The aim of this study was to 

develop a small-volume microfluidic platform design that is sensitive to cellular dynamics of blood 

samples which can be integrated with existing user computational modalities. Ideally this technology 

would be adapted for use with smart phone technologies to allow for both data collection and sharing 

as appropriate.  

RBCs play a key role in the delivery of oxygen and nutrients to organs; thus, monitoring 

hematocrit levels is an essential part in patient management. Moreover, hematocrit levels affect 

clotting associated with thrombosis and hemostasis[494,516,517] and predict clinical bleeding.[495]  

Thus, the capability to both assess the hematocrit level and the hematocrit-adjusted clotting properties 

of a whole blood patient sample (Figure 8.6) maybe of utility in monitoring patients with procoagulant 

and/or hemorrhagic risks.[518,519] Moreover, requirement for a small volume (< 5 µL) to perform 

these tests is compatible with blood collection procedures using a small lancet from a finger prick 

rather than venipuncture, further reducing the need for hospital visits for such patient populations, 

blood loss, and alternative testing routes for patients with limited venous access. 
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Cancer patients undergoing chemotherapy frequently suffer from bone marrow suppression and 

thus a drop in hematocrit, platelets and other related aspects of hemostasis. Yet, cancer patients are 

also predisposed to potentially dangerous thrombus formation due to cancer itself, immobility, tissue 

damage and other confounding factors.[520,521] Thus, such populations, particularly when 

anticoagulation is needed, require continuous monitoring and therapy adjustment to mitigate potential 

thrombo-hemorrhagic complications. Importantly, due to bone marrow and thus immune system 

suppression, cancer patient populations are also vulnerable to the development of potentially lethal 

infections. Thus, the capability for home testing may be potentially beneficial from the perspective of 

limiting hospital visits and thus dangerous in-hospital exposures. 

Whole blood is a complex sample to handle, study and quantify. Blood behaves as a non-

Newtonian fluid, which means its viscosity changes with shear rate.[522] It is a colloid suspension that 

adheres to Stokes theory of particle motion in viscous solution but only with a hematocrit of up to one 

percent.[523] Some strides to understand particle motion in physiologically relevant hematocrit 

settings are coming from the field of study of silica slurries; however RBCs and other cells introduce 

other challenges that are difficult to account for in slurries. Whole blood in part follows the Fahraeus 

effect, which predicts that RBCs tend to migrate to the channel centerline and form a  core that flows 

 
 

Figure 8.6 Schematic of possible blood measurements and result readouts. 
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faster as compared to the rest of the blood, thus contributing to higher ‘discharge’ hematocrit (𝐻𝑑) as 

compared to sample hematocrit (𝐻𝑥).[9,10] Yet, again this relationship falls apart at hematocrits above 

45 percent.[524] Furthermore, RBC shape and potential shape changes, channel diameter and 

geometry, temperature and other aspects all play a role in flow dynamics of this viscoelastic and 

intricate fluid.[505,525–527] 

Clinically, it is vital to rapidly assess hemostasis in emergency situations. While classically used 

anticoagulants, such as warfarin, could be monitored with traditional tests including PT and aPTT, the 

effects of newer direct oral anticoagulants cannot be easily assessed.[528] In patients presenting with 

acute major or central nervous system bleeding, point of care testing has the potential to quickly 

identify anticoagulated patients allowing providers to initiate appropriate reversal agents. Likewise, 

certain medical conditions such as end stage liver disease[529] and antiphospholipid antibodies[530] 

interfere with the accuracy of traditional coagulation tests. Point-of-care microfluidic platforms have 

the potential for utility to offer better assessment of these patients in real time. 
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 Discussion and Future Directions 

9.1 Discussion 

9.1.1 Limitations 

 Studies of blood reaction dynamics in vitro, ex vivo and in vivo allow approximation of 

physiological processes and have contributed many discoveries to the blood research and medical 

field. However, a full recapitulation of a systemic response in select disease states is a challenge both 

at the bench top and in a living organism. 

 Closed in vitro testing systems provide utility in studying blood reactions using a reductionist 

approach from reactions between purified proteins to physiological mixtures such as blood plasma and 

whole blood. These study systems facilitate identification of protein-protein binding, enzyme kinetics 

and other biochemical parameters as well studies of platelet activation in the presence of known 

agonists and the formation of a blood plasma clot in a tube. 

 Open in vitro and ex vivo testing systems, such as microfluidics, extend studies to include blood 

dynamics under shear flow, which further aid in understanding blood reaction dynamics in the 

vasculature while controlling the environment. For instance, open testing systems were paramount for 

identifying shear-dependent binding of the platelet receptor glycoprotein (GP)Ib to von Willebrand 

Factor (VWF), which is an initial step of platelet recruitment to exposed subendothelial extracellular 

matrix proteins essential for establishment of a hemostatic plug.[531–533] Further, open systems allow 

studies of platelet aggregation in the presence of fibrin formation under shear, where the extent of 

fibrin formation under shear flow is dependent on the flux of reactants as well as reaction rates in 

contrast to closed systems where the initial concentration of reactants (agonists, antagonists and other 

molecules) remains constant.[268,272,313,411] Open in vitro and ex vivo testing systems have been 

employed to elucidate a difference in the platelet to fibrin ratio in the presence of arterial versus 

venous shear rates (as further discussed in Chapter 3 and Chapter 4).[6,271,313]  
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Additional developments in microfluidic techniques have included the introduction of live 

vascular endothelial cells and malleability of channels (more on this in Section 9.3), as well as the 

scaling up and multiplexing of studies to screen concentration gradients of reagents (in vitro cell 

toxicity and/or drug potency), define mechanistic pathways and identify new potential therapeutic 

targets. Yet, ultimately, to validate the physiological relevance of findings of in vitro and ex vivo 

studies, data from in vivo and/or clinical studies are required. 

 Human cardiovascular and hematologic systems co-exist in a constantly changing state affected 

by many genetic, environmental and behavioral factors. Animal studies have been essential for many 

discoveries and at this time remain the only way to evaluate the safety of potential therapeutic agents 

prior to human studies. Some limitations of animal studies include differences in species’ immune 

system, study environmental and the length of studies that frequently do not allow development of 

human conditions that add to comorbidities in different disease states. Similar limitations however also 

arise in clinical trials, design of which is important to be able to arrive at definitive data for the tested 

hypothesis, while limiting the bias of testing scenario. 

 The work described in this thesis utilized a number of established as well as newly developed in 

vitro and ex vivo closed and open testing systems as well as a number of the in vivo animal model 

studies. Limitations of study approaches were identified and leveraged by consulting clinical and 

research reports as well as follow up studies. The short-comings of each approach were minimized by 

employment of a combination of testing assays as well as rigorous approaches to judiciously utilize 

study materials, including freshly drawn whole human blood, washed platelets and blood plasma. 

Limitations and future directions to address these as well as limited utility of described findings were 

specified in discussion sections for each respective chapter as well as below. 
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9.1.2 Conclusions 

The studies outlined in this dissertation have investigated the dynamics of blood biorheology, 

coagulation, platelet activation and thrombus formation in flowing blood. The overall aim of these 

studies was to design and test experimental approaches to gain a broad understanding of blood 

reactions with an ultimate goal of improving therapeutic approaches to mitigate thrombo-hemorrhagic 

complications in different clinically-relevant settings. In this section, I will summarize and draw brief 

conclusions from these. 

The events that support physiological process of hemostasis versus pathological process of 

thrombosis are distinct in part due to the biorheology of blood flow and thrombin mass transfer that 

differentially distributes blood components and reactants inside and outside blood vessels. The 

biorheology of blood is dependent on red blood cell (RBC) content, blood plasma protein 

concentration and the properties of vasculature or microfluidic network which dictate wall shear stress 

and shear rates.[5,534] In Chapter 3 and Chapter 4, we investigated biorheological concepts of platelet 

activation and coagulation under shear. 

Our results show that specific microvascular network geometries, shear gradients and local 

thrombus formation can lead to changes in blood biorheology in the flowing blood. Using an 

integrative computational and experimental approach, we identify specific conditions that promote the 

mass transfer and amplification of thrombin generated at the site of a local thrombus formation within 

flowing blood. This work may be of significance for the development of a potentially safer 

extracorporeal membrane oxygenator (ECMO) designs. Current state of the art oxygenator designs 

require significant priming volume (> 300 mL) and expose blood to a large area of artificial surface 

and pathologic blood flows as well as areas of stasis or recirculation, which can promote pathologic 

thrombin generation amplification and render these life-saving machines impractical. The microfluidic 

multi-bypass network designs hold potential for increasing the gas exchange rate and drastically 

reducing the priming volume. Our integrated approach (described in Chapter 3 and Chapter 4) may 
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help develop microfluidic network oxygenator designs that lower thrombogenicity of these devices 

thus increasing their safety.   

Recent studies have supported the notion that coagulation factor (F)XI and FXIIa inhibitors may 

represent a therapeutic strategy to prevent cardiovascular thrombotic pathologies. Congenital FXI 

deficiency protects patients from strokes and venous thromboembolism, and is only associated with 

minor bleeding episodes.[535,536] In Chapter 5, we utilize an ex vivo flow system developed in 

Chapter 4 and examine the role of FXI in platelet activation and consumption in the bloodstream distal 

from the site of thrombus formation. Our results demonstrate that the activation of the FXI axis plays a 

key role in distal platelet activation and microaggregate formation in solution downstream of thrombus 

formation under both venous and arterial shear flow. I hypothesize that pharmacological targeting of 

FXI may be useful in mitigating platelet activation and therefore prevent platelet-driven amplification 

of platelet aggregate and thrombi formation in prothrombotic conditions involving direct contact 

pathway of the coagulation agonists. For instance, in operating rooms and intensive care units, 

patients’ blood is exposed to a number of artificial materials (tubing, catheters, ECMO, hemodialyzer 

and etc.) and injury to the vasculature. It is possible that some of the thrombo-embolic complications 

seen during the treatment of these patients has to do with the distal effects of local thrombus formation 

and the role of FXI activation due to contact pathway activation and thrombin generation.    

The polyanionic molecule, long-chain polyP, has been shown to accumulate in a variety of 

microorganisms, inducing a FXII-dependent pathological response in mice.[537] Our group has shown 

that activation of FXII in the presence of long-chain polyP can promote FIX and prothrombin 

activation independently of FXI,[538] thus suggesting a potentially important role of FXII in 

conditions where long-chain polyP may be enriched either in solution or on a surface e.g. as biofilm on 

a venous catheter. Additionally, blockade of FXII might be protective in microorganism-driven 

thrombotic complications accompanying sepsis, as inhibition of FXII activation of FXI reduced 

thrombotic complications in animal models of sepsis.[535,539] 
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In Chapter 6 we use closed and open experimental platforms to study the role of activated 

FXII(a) activity in the presence of bacterial-type long-chain polyP and showed that FXIIa activity 

promotes platelet consumption in the presence of long-chain polyP in blood flow in vitro. Long-chain 

polyP had no direct effect on platelet activation or adhesion to the extracellular matrix and instead 

primarily promoted platelet activation and consumption by fueling thrombin generation and fibrin 

formation in a FXII-dependent manner. FXII-deficiency was protective against occlusive platelet 

aggregate formation in the murine model of lethal pulmonary microvasculature occlusion. In a non-

human primate model of bacterial sepsis, pretreatment of animals with an antibody blocking FXI 

activation by FXIIa diminished long-chain polyP-containing LD100 S. aureus-induced platelet and 

fibrinogen consumption. 

Thrombin amplification is implicated in the deadly complication of sepsis titled disseminated 

intravascular consumptive coagulopathy (DIC) and characterized by concomitant thrombotic 

complications and bleeding due to consumption of coagulation factors and platelets.[127]. Multiple 

approaches have been explored for the identification of safe and effective inhibition of thrombin 

generation inhibition. However, clinically the primarily focus has been on inhibiting the extrinsic and 

the common pathways of coagulation[142,286,535] or platelet aggregation via inhibition of 

GPIIb/IIIa.[177] In my opinion, which is supported by clinical reports, such approaches are at the risk 

of limiting the physiologically relevant functions of platelets and coagulation factors in hemostatic, 

immunologic and other processes which require the generation of thrombin. I believe our research 

described in Chapter 6 may aid in the identification of potentially safer anticoagulation therapies. My 

hypothesis is that development of targeted therapies against FXII-FXI axis, which does not seem vital 

for survival of humans or mice,[535,536] may help mitigate the development of DIC while 

maintaining extrinsic pathways-initiated thrombin generation and fibrin formation necessary to 

maintain blood-vessel barrier, bacterial clearance and healing.   
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The short-term goals for my PhD dissertation were to develop my skills in the effective design 

and execution of experiments that will succinctly address pertinent gaps in medical knowledge, 

maintain collaborative inter-disciplinary research investigations, and enhance my communication 

skills, all of which are required for my career as an independent researcher and a physician-scientist. 

To this effect, outside of the longer-term main projects, I have sought-out and completed two separate 

collaborative shorter pilot studies with surgical and transfusion medicine teams, Chapter 7, and an 

industry collaborator, Chapter 8.  

As part of the clinical quality-control team, I used the knowledge gained and approaches 

developed to assess therapeutic utility of a transfusion reagent subjected to different physiological 

forces within the hospitals pneumatic tubing transport system, as described in Chapter 7. Through this 

time-pressed experience, I learned a significant amount about platelet concentrate preparation and 

storage at the American Red Cross as well as vital logistics within a hospital. While mostly negative, 

our data suggested that pneumatic tubing platelet concentrate transport may affect initial platelet-VWF 

recruitment (section 1.4.1). In my opinion, our findings and the lack of the exact guidelines for 

transport of this vital transfusion reagent, warrant a closer look at the practice of platelet concentrate 

units transport within different hospitals and at the linical outcomes of using platelet concentrate units 

after different types of transport in vulnerable patient populations lacking platelet adhesion initiation. 

Alongside a team of industry electrical and material engineers, I worked to develop a design of a 

new point-of-care microfluidic platform compatible with detection of blood flow with an internal 

electrical chip, Chapter 8. A number of design variations were tested, leveraging the speed of electrical 

read out versus physiologically-relevant blood reaction dynamics of blood pumped through the system 

by passive capillary flow. In Chapter 8 we report a potential utility of one of the designs to assess 

clinically important blood parameters of hemostasis and thrombosis. We believe this technology has 

potential in facilitating rapid testing of patient capillary blood hematocrit and coagulation properties at 
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bedside in a clinic or even at home and may be of use for chronic monitoring without necessitation of 

venous blood draws nor hospital visits.   

Collectively, this dissertation provides new study platforms and insights into the blood reaction 

dynamics, such as contact activation of the coagulation cascade and platelet activation and aggregation 

under shear flow. In the next two sections, we describe future work directions focused on 

characterization of novel pro-coagulant molecules, Section 9.2, and blood reactions in the presence of 

normal and aberrant endogenous regulation, Section 9.3. These studies will serve as an elaboration of 

existing studies and microfluidic platform designs with the goal of discovering safer anti-coagulation 

therapies for different disease settings. 
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9.2 Discovery of novel pro-coagulant and pro-thrombotic molecules  

Most of our mechanistic work described in this dissertation, has focused on the role of 

coagulation factor (F)XI activation by activated FXII and its role in thrombin generation and fibrin 

formation. Recently, Drs. John H. Griffin and Hiroshi Deguchi (The Scripps Research Institute, La 

Jolla, CA), have used exome genotyping to identify a potential link between a family of endogenous 

molecules, muscle myosins, and venous thrombo-embolic complications as pertinent to trauma 

population.[540] 

As an MD/PhD student, my ultimate goal is to become an effective practicing physician-scientist 

and to add to the understanding of human disease pathophysiology, which can then be used to design 

and implement therapeutic interventions. Inspired by my personal interest in trauma and surgery and 

with the encouragement of my mentor, Dr. Owen McCarty, I pursued an opportunity to join the Griffin 

group in La Jolla for a 6-month fellowship where I got to actively contribute to this new direction of 

coagulation research as well as learn new techniques and concepts. 

 This prompted a series of ongoing collaborative studies combining collective expertise in blood 

reaction dynamics. Our future directions include using developed techniques and our joint effort to 

study blood reaction dynamics in the presence of different types and forms of myosins and related 

proteins. Section 9.2.1 highlights our published manuscript studying the role of skeletal myosin in 

thrombin generation and Section 9.2.2 describes our ongoing efforts in understanding the role of 

cardiac myosin in formation and stability of a fibrin-rich clot. This work may be of value to 

understanding and mitigating thrombo-embolic complications in the setting of trauma and heart 

disease. 
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9.2.1 Prothrombotic skeletal muscle myosin directly enhances prothrombin activation by binding 

factors Xa and Va 

Hiroshi Deguchi, Ranjeet K. Sinha, Patrizia Marchese, Zaverio M. Ruggeri, 

Jevgenia Zilberman-Rudenko, Owen J.T. McCarty, Mitchell J. Cohen, John H. Griffin 

 

Thrombin is generated in blood by proteolytic activation of prothrombin by factor (F)Xa, FVa, 

and Ca2+ assembled on a suitable surface.[45,541] Insufficient or excessive thrombin generation is 

associated with bleeding or thrombosis, respectively. Knowledge of the molecular surfaces that 

regulate thrombin generation is essential. Recent studies emphasize that thrombin generation primarily 

occurs at the site of damaged endothelium and exposed subendothelium, not primarily on the 

membranes of activated platelets.[542,543] Thus, damaged cells, subendothelial basement membranes, 

and damaged tissues may provide procoagulant surfaces that contribute to thrombin generation.  

A variety of molecular and structural elements distinct from phosphatidylserine or phospholipid 

membranes are procoagulant, including collagens that are prothrombotic via both platelet 

activation[235,544,545] and contact activation mechanisms.[546,547] Murine and primate in vivo 

thrombosis model studies[140,548] are consistent with prothrombotic mechanism for collagens. 

Collagens bind FIX[549] and a mouse model with a variant of FIX defective in collagen binding 

manifests impaired hemostasis.[542] Laminins are procoagulant via both platelet activation and 

contact activation.[140,234,235,545–550] Polyphosphates and polynucleotides support contact 

activation and other procoagulant reactions,[45,551] but none of these enhances prothrombinase 

activity. 

  

Part of Section 9.2.1 were published in Blood, Oct 2016;128(14):1870-1878 

Permission is not required by the publisher for this type of use. 
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In a pilot exomics rare variant genotyping study targeting low frequency exomic variants for their 

potential association with venous thrombosis,[540] we linked a cluster of skeletal muscle myosin 

heavy chain gene rare missense variants to venous thrombosis. But myosin is not a member of any 

conventional pathway affecting thrombosis or hemostasis. Thus, here we tested the hypothesis that 

myosin can directly influence blood coagulation and thrombosis. Ex vivo studies of the effects of 

myosin on thrombogenesis in fresh human blood were conducted and showed that addition of myosin 

to blood augmented the thrombotic responses of human blood flowing over collagen-coated surfaces 

(300 s-1 shear rate). Perfusion of human blood over myosin-coated surfaces also caused fibrin and 

platelet deposition, evidencing myosin’s thrombogenicity (Figure 9.1). 

 

Myosin markedly enhanced thrombin generation in both platelet rich plasma and platelet poor 

plasma, indicating that myosin promoted thrombin generation in plasma primarily independent of 

platelets (Figure 9.2). In purified reaction mixtures composed only of FXa, FVa, FII (prothrombin) and 

 
Figure 9.1 Fibrin deposition and platelet aggregation on myosin. 

Recalcified whole blood was perfused over myosin-coated chambers for indicated perfusion times at 300 s-1 shear rate. Images 

of local thrombi formed at each time point were recorded using differential interference contrast (A) or fluorescent light 

microscopy (B) after staining for fibrin (blue), P-selectin (green) and integrin α-IIb (red). In parallel experiments, thrombi 

formed by corresponding perfusion time points were lysed and immunoblotted for the fibrin degradation product, D-dimer (C).  
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calcium ions, myosin greatly enhanced prothrombinase activity. The GLA domain of FXa was not 

required for myosin’s prothrombinase enhancement. 

When binding of purified clotting factors to immobilized-myosin was monitored using Bio-Layer 

Interferometry, FXa and FVa each showed favorable binding interactions. FVa reduced by 100-fold 

the apparent Kd of myosin for FXa (Kd ~ 0.48 nM), primarily by reducing koff, indicating formation of 

a stable ternary complex of myosin:FXa:FVa. 

 

In studies to assess possible clinical relevance for this discovery, we found that anti-myosin 

antibodies inhibited thrombin generation in acute trauma patient plasmas more than in control 

plasmas, implying myosin might contribute to acute trauma coagulopathy (Figure 9.3).  

 
Figure 9.2 Skeletal muscle myosin promotes thrombin generation in platelet rich plasma and platelet poor plasma. 

Freshly prepared PRP and PPP (30 μl) from the same donor was incubated with various indicated concentrations of myosin for 10 

min at 37°C. Then, fluorogenic thrombin substrate solution (I-1140) either with TF (Innovin, final 0.5 pM) and CaCl2 (final 11 

mM) or with CaCl2 alone (final 11 mM) was added to the plasma/myosin mixture (total final volume 110 μl) to initiate thrombin 

generation at 37°C. For TF-induced thrombin generation assays using PRP and PPP, corn trypsin inhibitor (CTI) (final 50 μg/mL) 

was added to freshly prepared PRP and PPP immediately after blood was processed to obtain PRP and PPP. Thrombin generation 

was followed continuously using a SPECTRAmax GEMINI XS fluorometer (Molecular Devices, Sunnyvale, CA) with excitation 

and emission wavelengths set at 360 and 460 nm, respectively. The first derivative of fluorescence versus time was used to produce 

thrombin generation curves with the correction for substrate consumption and inner filter effect.20 Thrombin generation is shown 

for PRP plus 0.5 pM TF-Ca2+ and CTI (A) or for only Ca2+ addition (C), or for PPP plus 0.5 pM TF-Ca2+ and CTI (B) or for only 

Ca2+ addition (D). The same sets of experiments were done for four different adult healthy blood donors, and data for one donor’s 

PRP and PPP are shown. 
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In summary, we report the remarkable direct effects of skeletal muscle myosin on thrombin 

generation and fibrin formation in ex vivo studies of flowing human blood and in vitro in thrombin 

generation assays using both plasma assays and purified prothrombinase assays due to myosin’s ability 

to bind FXa and FVa (Figure 9.4). We posit that myosin enhancement of thrombin generation could 

contribute either to promote hemostasis or to augment thrombosis risk with consequent implications 

for myosin’s possible contributions to pathophysiology in the setting of acute injuries. 

 

 
Figure 9.3 Anti-myosin antibody-induced reduction of thrombin peak values observed for acute trauma coagulopathy 

plasmas and normal control plasmas following tissue factor/Ca2+ ion addition. 

The effects of anti-myosin antibodies on the 0.1 pM TF-induced peak of thrombin generation in plasmas from acute 

traumatic coagulopathy patients (N=26) and healthy controls (N=20) were tested using either polyclonal antiserum against 

myosin heavy and light chains or nonimmune control antiserum, respectively (2 mg/mL protein). The graphs show the 

reduction of thrombin peak values by anti-myosin antibodies either as percent of control peak (A) or in absolute 

concentration of the thrombin peak (B). Bars indicate median values. 

 
Figure 9.4 Thrombin generation can be driven by prothrombin activation on the surface of myosin which binds FXa & FVa. 

The intrinsic and extrinsic coagulation pathways converge at the generation of factor (F)Xa which is the key enzyme that activates 

prothrombin. As depicted here, both FXa and its cofactor, FVa, bind to myosin which potently promotes prothrombin activation to 

generate thrombin. Extensive data in this report lead to this novel scheme for prothrombin activation which may occur on the 

surface of myosin independent of any particular cell surface. 
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9.2.2 Role of cardiac myosin promoting thrombin generation and tissue plasminogen activator-

induced plasma clot lysis  

Studies during the past decades have identified cardiomyocytes as targets for the action of 

thrombin and in fact it has been shown that protease-activated receptor (PAR)-1, a high-affinity 

receptor for thrombin, is one of the most prevalent receptors expressed by cardiomyocytes.[552,553] 

Recently we discovered that skeletal muscle myosin, which is in the same family as cardiac myosin, 

exerts prothrombotic effects by binding factor (F)Xa and enhancing prothrombin activation and 

thrombin generation in the presence of FVa (Section 9.2.1).[279] Thus, it is possible that muscle 

myosin may play a role in increasing probability of trauma patients developing potentially deadly 

thrombotic complications affecting perfusion of the heart muscle (MI) or brain (stroke).  

The timing of intervention to achieve organ reperfusion has been shown to be important. For MI, 

complex algorithms exist to weigh risk-to-benefit ratios for employing therapies for different patients 

to limit thrombin generation and platelet activation as well as lysis of fibrin mesh.[554,555] 

Thus, there is a need to identify markers and mechanisms to help stratify patient groups and increase 

safety of interventions in the setting of trauma and a potential for MI. Increased cardiac myosin gene 

expression has been previously associated with human heart failure.[556] Increased serum levels of 

cardiac myosin are found in patients with MI[557] and among these higher levels of cardiac myosin 

are associated with worse outcomes.[558,559] Furthermore, muscle myosins molecules have been 

implicated in fibrinolysis inhibition,[560] which may furthermore play a role in MI interventions 

involving fibrinolytics such as tissue plasminogen activator (tPA) infusion.     

Our current and future efforts are focusing on testing the influence of cardiac myosin on 

thrombus formation and fibrinolysis. We first studied the effects of cardiac myosin on thrombogenesis 

ex vivo using fresh human flowing blood; our results show that perfusion of blood over cardiac 

myosin-coated surfaces at 300 s-1 shear rate caused extensive fibrin deposition on myosin surface 

(Figure 9.5A top & B). Addition of cardiac myosin to blood also promoted the thrombotic responses of 
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human blood flowing over collagen-coated surfaces, evidence of myosin’s thrombogenicity (Figure 

9.5 A bottom & C). 

 

Our further studies showed that cardiac myosin enhanced thrombin generation in whole blood, 

platelet rich plasma (PRP) and platelet poor plasma (PPP), indicating that myosin promotes thrombin 

generation in plasma primarily independently of platelets or other blood cell components. In a purified 

system, composed of FXa, FVa, prothrombin and calcium ions, cardiac myosin greatly enhanced 

prothrombinase activity. Experiments using GLA-domainless FXa showed that the GLA domain of 

FXa was not required for cardiac myosin’s prothrombinase enhancement in contrast to phospholipid-

enhanced prothrombinase activity which requires that GLA domain. 

 
Figure 9.5 Cardiac myosin promotes ex vivo thrombus formation in flowing blood. 

The thrombogenicity of myosin was studied either (A&B) when whole blood without myosin addition flowed over BSA-coated or 

myosin-coated surfaces or (C) when myosin (or control vehicle) was added to whole blood that then flowed over collagen-coated 

surfaces. Data represent observations at 4 min after flow initiation at 300 s-1 wall shear rate. (A) Recalcified human blood was 

perfused over either immobilized myosin or BSA-coated control surfaces Three-dimensional reconstruction of platelet aggregates 

and fibrin on myosin or BSA coated coverslip was generated from confocal z-sections serially collected after blood perfusion. 

Recalcified flowing human blood contained mepacrine (green) to visualize platelets and Alexa 546–labeled anti-fibrin antibody 

(red) to visualize fibrin. Yellow represents superposition of corresponding images at 4 min. (B) Volumes of fibrin and platelet 

aggregates are shown in the box and whisker graphs (min to max values from four positions within the channel from four 

experiments). (C) Either cardiac muscle myosin (50 nM) or control buffer was added to recalcified blood before its perfusion over 

collagen-coated surface. Volumes of platelet aggregates and fibrin on collagen-coated coverslip was generated as described for 

panel (B) and are shown in in the box and whisker graphs (min to max values from four positions within the channel from four 

experiments). 
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We next studied the effect of cardiac and skeletal myosin on tPA-induced fibrin lysis in PPP. In 

96-well plate static plasma clot lysis studies, increasing concentrations of cardiac and skeletal muscle 

myosin attenuated tPA-mediated clot lysis (Figure 9.6A & B). The ability of cardiac myosin to inhibit 

tPA-induced plasma clot lysis was ablated in the presence of the carboxypeptidase inhibitor (CPI) 

from tubers, an inhibitor of thrombin activatable fibrinolysis inhibitor (TAFI). Clot lysis assays using 

TAFI-deficient plasma confirmed the requirement for TAFI for the antifibrinolytic action of cardiac 

myosin.  

 

Trauma-induced coagulopathy and fibrinolytic shutdown is frequently detected on clinical 

thromboelastography (TEG; Section 1.3.5) tests in severely injured patients. Fibrinolysis shutdown, as 

detected by decreased percent of lysis within a set time post maximum clot amplitude (MA) on TEG, 

has been associated with an increased incidence of thrombotic complications and mortality,[561] but 

the mechanism of inhibition of fibrinolysis remains unclear. We next examined whether the effects of 

skeletal and cardiac muscle myosins on coagulation and fibrinolysis in vitro using TEG. Whole blood 

was collected from healthy volunteers and citrated native TEGs were performed to evaluate the global 

 
Figure 9.6 Cardiac myosin attenutes tPA-induced plasma clot lysis. 

A mixture of 100 μL of thrombin (5 nM final), CaCl2 (17 mM final), phospholipid vesicles (60% PC: 20% PS: 20% PE; final 

concentration 10 uM) diluted with HBS (20 mM HEPES, 147 mM NaCl, 3 mM KCl, pH7.4) 0.1% BSA and tPA (100 ng/mL final) 

, was added to 100 μL citrated normal human pooled plasma, which was pre-incubated for 30 min at 37C in the presence of vehicle 

buffer (HBS 0.1% BSA) or different amounts of cardiac myosin. The turbidity at 405 nm was measured at 37C for 180 min in a 

Thermomax microplate reader (A) and percent difference in plasma clot lysis t1/2 in the presence of either cardiac or skeletal 

myosin as compared to no myosin control condition was quantified (B). 
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coagulation response (reaction, R, time, coagulation angle, MA) and percent of lysis 30 and 60 

minutes after MA (LY30 and LY60 respectively) in the presence of skeletal or cardiac muscle myosin 

(100 nM). This was performed in the presence or absence of 50 ng/mL of tPA and compared with a 

control buffer. Our preliminary results showed that cardiac and skeletal muscle myosins were able to 

significantly shorten the R time in line with enhanced prothrombinase activity. Myosins did not 

significantly affect clot angle (dependent on fibrinogen levels) nor MA (platelet-dependent value). 

While the lysis percent decrease in the presence of myosin varied among donors, both cardiac and 

skeletal myosins produced a tendency towards lower percent clot lysis in the presence of tPA. Of note, 

in both experimental set ups (96-well PPP fibrin formation and lysis as well as whole blood TEGs) 

tPA was added at the beginning of the reaction. Thus, findings from these studies would not 

necessarily predict an existing thrombus susceptibility to tPA-induced lysis. 

Due to complexity of human physiology and different comorbid factors, the link between trauma 

and heart disease has been debated for over a century.[562] Blunt trauma to the chest has been 

associated with myocardial infarction (MI; thrombotic occlusion of coronary arteries supplying the 

heart muscle) in healthy adults.[563,564] Furthermore, there is mounting evidence that any traumatic 

incapacitation of a patient can increase the probability of a patient developing potentially deadly 

thrombotic complications such as MI and stroke.  

Our work thus far shows that cardiac myosin is both procoagulant and anti-fibrinolytic due to its 

ability to bind FXa and strongly promote thrombin generation. We hypothesize that cardiac myosin-

dependent thrombin generation increases TAFI activation and subsequent inhibition of clot lysis, 

which may potentiate the clot stability and resistance to pharmacological lysis by tPA in injured 

coronary arteries. This line of work raises new questions about potential procoagulant functions for 

cardiac myosin in coronary health and disease. 
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9.3 Development of microfluidic platforms to study blood reaction dynamics at the vessel wall 

The shear-dependent binding of the platelet receptor glycoprotein (GP)Ib to von Willebrand 

Factor (VWF) is requisite for the initial step of platelet recruitment to damaged vessel wall under 

flow.[531,532] The production of VWF as well as other important pro- and anti-thrombotic proteins 

by endothelial cells is a highly regulated process in vivo (Section 1.5). Our future directions include 

development of a range of endothelialized flow chamber designs to study complex dynamics of cells 

and proteins at the blood-vessel interface and within the subendothelial compartment. Section 9.3.1 

highlights primary data collected using techniques developed during this ongoing effort and Section 

9.3.2 describes technical aspects and study potential for the endothelialized flow platforms. 

 

9.3.1 Removal of the C-terminal domains of ADAMTS13 by activated coagulation factor FXI 

induces platelet adhesion on endothelial cells under flow conditions  

Kathleen S. Garland, Stephanie Reitsma, Toshiaki Shirai, Jevgenia Zilberman-Rudenko, Erik I. 

Tucker, David Gailani, András Gruber, Owen J.T. McCarty, Cristina Puy 

 

Platelet recruitment to sites of vascular injury is mediated by von Willebrand factor (VWF). The 

shear-induced unravelling of ultra-large VWF multimers causes the formation of a “stringlike” 

conformation, which rapidly recruits platelets from the bloodstream. A disintegrin and 

metalloproteinase with a thrombospondin type 1 motif, member 13 (ADAMTS13) regulates this 

process by cleaving VWF to prevent aberrant platelet adhesion; it is unclear whether ADAMTS13 

itself is regulated.  

The serine proteases α-thrombin and plasmin have been shown to cleave ADAMTS13. Based on 

sequence homology, we hypothesized that the activated coagulation factor XI (FXIa) would likewise 

Parts of Section 9.3.1 were published in Frontiers Medicine, Dec 2017;4:232[eCollection] 

Permission is not required by the publisher for this type of use. 
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cleave ADAMTS13. Our results show that FXIa cleaves ADAMTS13 at the C-terminal domains, 

generating a truncated ADAMTS13 with a deletion of part of the thrombospondin type-1 domain and 

the CUB1-2 domains (Figure 9.7), while thrombin cleaved ADAMTS13 near the CUB1-2 domains 

and plasmin cleaved ADAMTS13 at the metalloprotease domain and at the C-terminal domain. Using 

a cell surface immunoassay, we observed that FXIa induced the deletion of the CUB1-2 domains from 

ADAMTS13 on the endothelial cell surface. 

 

 

 

 Prior studies have shown that ADAMTS13 binds endothelial cells in a specific manner and that 

the cleavage of VWF by ADAMTS13 occurs mainly at the EC surface.[565] It has further been 

proposed that the binding of the ADAMTS13 TSP7-CUB2 domain to the VWF D4CK domains 

induces a conformational activation of ADAMTS13, causing ADAMTS13 to unfold fully and expose 

the spacer domain.[566] The spacer domain can then directly interact with the VWF A2 domain, 

enhancing the cleavage of VWF by ADAMTS13 under flow conditions. Removal of the C-terminal of 

ADAMTS13 domains was also shown to abrogate the capacity of ADAMTS13 to bind and cleave 

VWF under flow conditions ex vivo[567] and in vivo.[568] Thus we next studied whether cleavage of 

the TSP6-8 and the two C-terminal CUB domains of ADAMTS13 by FXIa, or the cleavage of the 

CUB 1-2 domains of ADAMTS13 by α-thrombin might abrogate ADAMTS13 activity under flow by 

assessing the length of VWF that had been released by activated endothelial cells under shear.  

 
 

Figure 9.7 Proteolysis of ADAMTS13 by FXIa. 

rADAMTS13 (250 nM) was incubated with FXIa (100-15 nM) for selected times (0-4 hours) at 37oC.  

rADAMTS13 forms was analyzed by western blotting using an anti-ADAMTS13 MET domain antibody. 
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To study ADAMTS13 regulation in the presence of endothelial cells under shear flow, HUVECs 

were cultured in the parallel-plate flow chamber (ibidi μ-slide VI0.1) under shear conditions (1000 s-1) 

beginning 48 hours before the flow experiment. Devices were incubated with cells for 30 minutes prior 

to induction of passive flow by adding growth medium to the inflow port of each channel. Passive 

flow was maintained by emptying the outflow and refilling the inflow for 1 hour or until morphology 

changes of HUVECs, from round to elongated, was noted. Inflow ports of the flow devices were then 

connected to a growth medium well and the outflow ports were connected to a waste well. All six 

channels were connected to the same growth medium well and the outflowing growth medium was 

recirculated in a specially-designed SpiderJZR culture system to achieve comparable EC confluency in 

each channel (Figure 9.8). The height of the medium well was maintained to achieve an initial flow 

rate of 20 µL/min for 48 hours or until confluence. The day of the experiments, HUVECs were starved 

in serum free media (SFM) for 2 hours, and then stimulated with 10 ng/mL TNFα in SFM 

supplemented with 3% fatty acid-free bovine serum albumin (BSA) for 4 hrs to induce VWF release.  

 

 

 
 

 

Figure 9.8 SpiderJZR culture system. 

All channels seeded with endothelial cells are simultaneously cultured under shear with flow of media promoted by gravity.  
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Human whole blood was drawn by venipuncture into 3.8% sodium citrate from a healthy donor 

per institutional IRB protocol and washed platelets were purified as previously described.[569] 

Washed platelets (3 × 108/mL) in the presence or absence of rADAMTS13 (2.5 nM) were perfused 

through the flow chamber for 10 minutes at 2.5 dyne/cm2 and platelet-VWF string formation was 

visualized by staining for CD41 (green) and VWF (far red). Using this endothelialized flow study set 

up, we were able to observe that the addition of 2.5 nM full-length rADAMTS13 abrogated platelet-

VWF string formation (Figure 9.9 and Figure 9.10). 

 

 

 
 

Figure 9.9 FXIa inhibits ADAMTS13 cleavage of VWF.  

rADAMTS13 (250 nM) was incubated at 37oC for 4 hours with the following: FXIa (50 nM), α-thrombin (50 nM) and plasmin (50 

nM) in HBS with 5 mM CaCl2. Reactions were stopped with aprotinin (50 µM) and hirudin (10 µg/mL). Endothelialized parallel-

plate flow chambers were prepared and EC’s were stimulated with TNFα to release VWF. VWF string formation and platelet 

adhesion depicted with fluorescence following perfusion of washed platelets at a venous flow rate of 2.5 dyne/cm2 in the absence or 

presence of rADAMTS13 (2.5 nM) incubated with either vehicle, FXIa, α-thrombin, plasmin, or an anti-ADAMTS13 CUB domain 

antibody (20 ng/mL).  
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In contrast, the incubation of rADAMTS13 with 

FXIa reversed ability of ADAMTS13 to cleave VWF, 

resulting in an increase in the formation of platelet-VWF 

strings. A similar effect was observed when 

rADAMTS13 was incubated with either α-thrombin or 

plasmin. Interestingly, the addition of an anti-

ADAMTS13 CUB1-2 domain antibody also blocked 

ADAMTS13 activity under flow (Figure 9.9 and Figure 

9.10). 

This data suggests, that removal of the C-terminal 

domain of ADAMTS13 by FXIa or thrombin caused an 

increase in ADAMTS13 activity as measured by using a 

fluorogenic substrate and blocked the ability of 

ADAMTS13 to cleave VWF on the endothelial cell 

surface, resulting in persistence of VWF strands and 

causing significant increase in platelet adhesion under 

flow conditions (Figure 9.9 and Figure 9.10). 

Utilizing this in-vitro endothelialized flow chamber 

technique, we were able to demonstrate a novel 

mechanism for coagulation proteinases including FXIa in 

regulating ADAMTS13 activity and function.  

This may represent an additional hemostatic function by 

which FXIa promotes local platelet deposition at sites of 

vessel injury (Section 1.3.5). 

 
 

Figure 9.10 FXIa, thrombin and plasmin inhibit 

ADAMTS13 cleavage of VWF.  

TNFα-stimulated ECs were perfused and visualized as 

above (Figure 9.9). Platelet string formation, total 

VWF number, and VWF length were quantified and 

compared between noted substrates. Using Dunnett’s 

multiple comparison test, * and # indicate statistical 

significance (p < 0.05) between vehicle groups and 

vehicle-rADAMTS13 and treatment groups, 

respectively. Data are mean ± SEM (n = 3).  
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9.3.2 Development of a new 3D-endothelialized microfluidic model to study hemostasis 

Jevgenia Zilberman-Rudenko, Joanna L. Sylman, Kathleen S. Garland, Cristina Puy, 

Andrew D. Wong, Peter C. Searson, Owen J.T. McCarty 

 

Microfluidic device technologies are useful for the studies of the dynamic interactions of platelets 

and ECs under flow conditions.[272,570,571] Current and developing flow chamber design models 

(Table 9.1) allow for mechanistic studies of platelet adhesion to the vessel wall at sites of injury or 

inflammation. Endothelialized microfluidic devices have been utilized to demonstrate that shear stress 

is an important factor in regulating endothelial barrier integrity and vessel patency. In these models, 

the parameters of geometry, compliance, biorheology and cellular complexity can be varied to 

recapitulate the physical biology of platelet recruitment and activation under physiologically relevant 

conditions of blood flow.  

Advances in microfluidic device design allow for high-throughput and dynamic real-time studies 

of cellular and molecular mechanisms that regulate platelet-endothelium interactions in disease states 

ranging from atherosclerotic plaque formation to sepsis and cancer angiogenesis and metastasis (Table 

1.7). In section 9.3.1 we used one of the commercially available parallel-flow 6-channel devices (Table 

9.1). Our future directions include development of new polydimethylsiloxane (PDMS)-based 

endothelialized platforms for studies that may provide insight into the (patho)physiology of different 

disease states and serve as an expedient platform for therapy design and testing. 

 

Parts of Section 9.3.2 were published in Platelets March 2017;28(5):449-456  

Permission is not required by the publisher for this type of use.  
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Basic set up Notes 

 

Advantages: Use of native vessel layers to study the platelet-endothelium interface. 

Limitations: Visualization requires histologic processing; use requires large volumes. 

Major findings: von Willebrand Factor (VWF)-VIII complex mediates platelet adhesion to denuded 
vessels under shear.[531,532,572] 

Platelet internalization of recombinant coagulation factor VII.[573] 

Advantages: Real-time studies of platelet-endothelium interaction under shear; 

simple set-up.[270,574–576] 

Limitations: Non-compliant, non-gas permeable, macroscopic scale, expensive fabrication of 
microvessel network geometry.[577–579] 

Major findings: Identification of the roles for platelet receptors under shear, for instance a shear-
dependent role for the platelet receptor GPIb in the pathophysiology of Bernard-Soulier syndrome 
(BSS);[152,155,158–160,580] 

VWF multimer processing by ADAMTS13 under shear.[163,164,166–168] 

Effect of shear on endothelial barrier function and receptor expression.[265,272,581,582] 

Advantages: Compliant, gas permeable and cost-effective material; ability to form microscale 
vessels; study of 3D cylindrical channels surrounded by an ECM layer; study complex blood vessel 
network biorheology, shear gradients and platelet distribution.[225,314,571,583–593] 

Limitations: Potential for the absorption of hydrophobic or toxic substances by PDMS after prolonged 
use;[594,595] limitation in high Reynold number flow designs.[22]  

Major findings: Role of shear on VWF multimer expression and processing and VWF-mediated 
platelet aggregation on an intact endothelium immediately downstream of a region of high shear 
stress.[266,596,597] 

Identification of specific ADAMTS13 domains required for VWF processing.[598] 

Study of endothelial barrier leak under (patho)physiological conditions.[599–602] 

Effect of vessel geometry and flow disturbance on EC morphology,[603] EC receptor expression 
profile,[264,604] and thrombus formation.[267,605,606] 

Study of complex microvasculature networks and bioreactors.[226,607–610] 

Table 9.1 Summary of perfusable endothelialized models.  

Diagrams and photographs of the basic set up for various microfluidic techniques are summarized. Advantages, limitations, and major findings are listed for each platform. For 

annular perfusion model, an electron microscopy image of a processed vessel section post perfusion is shown.[166] 
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The advent of the use of an optically-clear, inert, non-toxic, gas permeable and cost-effective 

polydimethylsiloxane (PDMS) polymer for the production of flow chambers in the 1990s expanded 

device design capabilities to nanometer dimensions.[583–586] Building on a broad knowledge of 

biorheology, channels were designed to achieve specified shear and specific flow dynamics, and 

printed onto a master mold using photolithographic techniques. Microfluidic devices are typically 

prepared by plasma or vacuum bonding the PDMS chambers, made by curing PDMS over master 

molds, onto a microscope cover slip.[314] The use of a compliant material such as PDMS helped to 

mimic vessel deformation and changes in blood viscosity due to shear thinning and pressure drops 

found in the microvasculature in vivo under high-flow conditions.[587–589] 

Endothelialized PDMS microfluidic devices have facilitated simultaneous studies of multiple 

shear conditions from high physiologic to pathologic rates of 500 – 30,000 s-1, regimes which have 

been shown to promote VWF multimer formation.[596,597] A channel design mimicking vessel 

narrowing, such as occurs due to atherosclerotic plaque formation, tested in parallel to an in vivo 

murine model of atherosclerosis has shown that vessel constriction leads to increased VWF release and 

VWF-dependent platelet aggregation to the intact endothelium immediately downstream of the 

constriction.[266] Mechanistic studies have utilized PDMS-based platforms to define the ADAMTS13 

domains required for VWF cleavage.[598] PDMS microfluidic platforms offer a great potential for 

development of targeted therapies for the treatment of patients with debilitating chronic TTP by 

allowing high throughput screening of known ADAMTS13 mutations.[611] 

Another advantage of PDMS microfluidic technology is the ability to have user-defined spatial 

control of the microenvironment properties. For instance, these platforms allow for the control of the 

spatial organization of surface coatings of adhesive or ECM proteins, cells and the controlled release 

of agonists and inhibitors.[225,590–593] As an example, in one study human umbilical ECs were 

focally injured by an electrode in order to study the interaction of platelets with activated and adjacent 

healthy ECs.[612] The results showed that while activated ECs lost their tight junctions and released 
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their Weibel-Palade bodies to promote platelet recruitment and adhesion, ECs upstream and 

downstream of the site of focal injury maintained their quiescence state and barrier function under 

physiological flow conditions. 

ECs play an important role in the progression of many diseases including sepsis and cancer, both 

of which are multi-faceted dynamic processes. In sepsis, the dysfunction of vascular ECs has been 

correlated with multiple organ failure and poorer outcomes.[613] Thus our goal was to borrow from 

the field of oncology (and specifically Drs. Peter C. Searson and Andrew Wong, Johns Hopkins, 

Whiting School of Engineering, Baltimore, MD) and develop a 3D perfusable, cylindrical microvessel 

embedded in an ECM material[571,599] to study endothelial barrier leak in the presence of blood in a 

quantitative and kinetic manner (Figure 9.11) with direct observations of a role for platelets in 

immunity-related processes within the vasculature.[599–602] 

 

Due to my past work studying pathogenesis of hyperinflammatory complications in children with 

rare immunodeficiencies with Drs. Eric P. Hanson and Richard M. Siegel (National Institutes of 

Health, NIAMS), sepsis and inflammation have always been an interest of mine. Disseminated loss of 

barrier and vascular leak, a serious sequela of sepsis progression, leads to hypotension, hypoperfusion, 

tissue edema and multiorgan failure which are only temporarily attenuated with aggressive fluid 

 
Figure 9.11 Quantitative permeability studies. 

Cylindrical perfuseable embedded vessel to study cancel cell intravasation. Early loss of EC integrity and barrier leak 

development can be quantitatively assessed with fluorescently-labeled BSA.  

Figure adapted from Wong and Searson Cancer Research 2014. 
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resuscitation.[240,241] Thrombin acts as a direct activator of local EC signaling including promotion 

of platelet aggregation on the surface of the activated endothelium and activation of ADAM10-

dependent VE-cadherin proteolysis leading to endothelial cell dissociation and gap 

formation.[238,239] Complete inhibition of thrombin generation however has proven ineffective and 

dangerous, as thrombin generation and fibrin formation are important for pathogen clearance. Thus, 

further studies are needed to develop safer alternative anticoagulation therapies (Section 1.3.6). 

As a future physician-scientist I am inspired by studies with potential to mitigate thrombo-

hemorrhagic complications in patients with such complicated diseases such as sepsis. Thus, I see a 

tremendous need for study platforms to aid in understanding of blood-endothelium interface and I truly 

believe that Drs. McCarty and Gruber have an extensive expertise and great tools to study this topic. 

As a budding biomedical engineer I am further interested in the potential expanded capacity of 

incorporating a subendothelial matrix compartment in these 3D microvessel devices to further 

investigate metastatic cancer cell and lymphocyte intravasation and extravasation, 

respectively,[253,255,571] and enable the control of physical parameters such as transmural pressure 

and interstitial flow through the ECM[614] to study platelet-endothelium dynamics. Lastly, these 

microvessel chambers will exhibit a physiologically relevant cylindrical geometry, which may prove 

useful for the modeling of smaller diameter microvessels where curvature has been shown to affect 

endothelial morphology and response to shear stress.[603] 

To bring the 3D perfusable microvessel technology to Oregon Health & Science University, I 

have ventured out to Johns Hopkins to learn the basics of this technology from Dr. Wong in one week, 

which is an approximate needed time (from start to finish) to construct the chamber set-up and 

establish a non-leaky ‘microvessel’ suspended in ECM. I then sourced the necessary equipment and 

materials and worked with the group to set up shop on our lucky 13th floor. Figure 9.12 depicts our 

preliminary results from a study looking at the role of thrombin generation and platelet aggregation in 

endothelial barrier leak development and repair in healthy as well as inflamed ‘microvessels’. 
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These future investigations in the presence of endothelium will extend our previous studies of the 

role of contact activation coagulation pathway in thrombin generation and platelet consumption to the 

blood-endothelium interface, providing clinically relevant insights for attenuating thrombo-

hemorrhagic complications in sepsis and other disease states. 

 

Figure 9.12 The role of inflammation on platelet-endothelium interface under shear flow in 3D chamber 

A 3D-chamber device design (A) and experimental prototype (B) with a perfuseable cylindrical microvessel embedded in an 

extracellular matrix (ECM) material. Microvessel phenotype (following treatment with vehicle or 10 ng/mL TNFa for 4 hrs in 

starvation media) pre- and post- perfusion with recalcified whole blood for 33 min as visualized by differential interference 

contrast, DIC, (A) and fluorescence microscopy (B).  
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