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Metrological techniques to study primary and secondary hemostasis 
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October 2015 

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

 
 

Hemostasis is the physiological process of cessation of bleeding at sites of vascular 

injury. Primary hemostasis consists of the recruitment of blood platelets and the 

formation of platelet aggregates at the site of vessel damage. Secondary hemostasis 

occurs with activation of blood plasma coagulation proteins to generate insoluble fibrin 

around platelet aggregates to form a thrombus. Similar mechanisms of action can lead to 

the activation of platelets and the coagulation cascade in diseased blood vessels, resulting 

in pathological thrombus formation, while the failure to fully activate these pathways can 

lead to bleeding complications. Thus, there is a need for accurate, reproducible 

measurement systems for monitoring platelet function and coagulation, detecting disease 

states, and evaluating efficacy of novel antithrombotic therapeutics. This dissertation 

centers on the development of metrological techniques to study the mechanisms of 

thrombosis and hemostasis. 

 

Common microscopy techniques are useful for mechanistic studies but are limited when 

quantitatively evaluating physical features of biological specimens. Here we present the 
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development and utilization of label-free imaging techniques to investigate the physical 

parameters (e.g., volume and mass) of platelet aggregates and thrombi formed in 

response to exposure to combinations of procoagulant agonists under shear flow 

conditions. These techniques revealed that coagulation restricts platelet aggregate growth 

at high physiologic shear rates and the formation of fibrin significantly increases clot 

density while thrombus volume remains constant.  

 

Accurate assessment of platelet function is critical for identifying platelet function 

disorders and measuring the effect of antiplatelet therapies. This dissertation presents the 

development of an assay that utilizes the biophysical property of platelet concentration, in 

conjunction with label-free, quantitative imaging techniques to assess platelet function 

under static conditions. The utility of this technique to evaluate antiplatelet therapies was 

demonstrated by the inhibition of glycoprotein (GP) IIb/IIIa abrogating platelet 

aggregation and significantly reducing sample volume and mass at high platelet 

concentrations on collagen-coated surfaces. 

 

The developing hemostatic system in neonates is functionally distinct from adults. 

However, blood volume limitations have hindered the evaluation of platelet function in 

neonates. Here we describe the development of four small volume, whole blood, platelet 

function assays for assessing neonatal platelet adhesion, activation, and aggregation 

under static and fluid shear conditions. With these assays, we show that neonatal platelets 

activate to a lesser degree relative to adult platelets, GPIIb/IIIa mediates neonatal platelet 
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adhesion and aggregation on collagen surfaces under fluid shear, and neonatal platelets 

adhere to collagen in a von Willebrand factor-dependent manner. 

 

Thrombotic events are highly associated with cancer and metastasis; however, the role of 

coagulation in facilitating metastasis is ill-defined. This dissertation presents the 

development of a technique that evaluates cancer cell interactions with platelet 

aggregates and thrombi under fluid shear conditions. Utilization of this technique 

revealed that coagulation and fibrin formation promotes metastatic colon adenocarcinoma 

cell adhesion and arrest to thrombi, and demonstrated that the presence of 

polymorphonuclear leukocytes enhanced cancer cell-thrombi interactions. 

 

Collectively, this dissertation presents the development of novel measurement systems to 

study the pathways that contribute to thrombosis and hemostasis.



1 

 

Chapter 1: Introduction 

 

1.1 Overview of Hemostasis and Relation to Disease 

Maintenance of the highly regulated human hemostatic system is dependent on the 

delicate balance of the pro- and anticoagulant systems of primary and secondary 

hemostasis and fibrinolysis. Upon vessel wall damage, the process of primary hemostasis 

is immediately activated to recruit platelets and form platelet aggregates. Secondary 

hemostasis is initiated with the activation of the coagulation cascade to generate fibrin 

around the platelet aggregates, forming a thrombus, or hemostatic plug. Simultaneously, 

the process of fibrinolysis is activated to restrict clot size and prevent the formation of 

pathologic thrombi. Effective hemostasis requires a sufficient amount of functional 

platelets, coagulation factors, and fibrinolytic proteins and adequately responsive blood 

vasculature. 

 

Hemostatic and thrombotic complications are associated with various pathological states, 

including cardiovascular disease, which is the leading cause of death in the United States 

(Mozaffarian et al. 2015). In the year 2011 alone, cardiovascular disease, which includes 

heart failure, coronary heart disease, and stroke, was responsible for 787,000 deaths in 

the United States, with prevention and treatment of this disease costing more than $320.1 

billion (Mozaffarian et al. 2015). These staggering statistics indicate that there is a clear 

need for a deeper understanding of pathways that underlie thrombosis and hemostasis. 

The development of new techniques to assess the activation of platelets and the 

coagulation cascade in normal and pathological states may aid in revealing mechanisms 

associated with cardiovascular disease and the development of novel therapeutics. This 
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chapter will discuss the process of primary and secondary hemostasis, the role of platelets 

and coagulation pathways in disease, and currently available measurement systems for 

studying hemostasis. 

 

1.2 Blood and Vascular Cell Physiology 

Blood is primarily composed of blood cells suspended in an aqueous solution of plasma, 

which contains water, plasma proteins, dissolved nutrients, and waste products. Blood 

cells, consisting of red blood cells (RBCs), white blood cells (WBCs), and platelets, and 

the vascular endothelial cells (ECs) lining the blood vessel wall intricately work together 

in the dynamic shear environment of blood circulation to maintain hemostasis. 

 

1.2.1 Red blood cells 

As the most abundant cell type in the blood, RBCs comprise approximately 99% of all 

blood cells at a concentration of 4.7  6.1 million cells/µL in humans (Dzierzak and 

Philipsen 2013). RBCs play a critical role transporting oxygen from the lungs to other 

tissues in the body via the circulatory system. Human RBCs are anucleated cells that 

possess a biconcave disk shape with a diameter of 5.5  8.8 µm and a thickness of 2 µm 

at the periphery and 1 µm at the narrowest point (center) (Aarts et al. 1983). Some of the 

most important physical features of RBCs are their high elasticity and deformability, 

which allows them to circulate through the reticuloendothelial system and capillaries as 

small as 3 µm in diameter. During transit through blood vessels, RBCs contribute to 

hemostasis by concentrating in the center of vessels, forcing the smaller platelets to the 

vessel walls for continually assessing vascular integrity (Woldhuis et al. 1992). 
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1.2.2 White blood cells 

WBCs, or leukocytes, make up about 1% of total blood cells and play an important role 

in the human immune system. The main types of WBCs are granulocytes, monocytes, 

and lymphocytes. Granulocytes contain δ-granules in their cytoplasm and are classified 

into three types: neutrophils, eosinophils, and basophils, which circulate the blood at 5 × 

10
9
, 4 × 10

7
, and 4 × 10

7
 cells/L, respectively (Fulkerson and Rothenberg 2013; Mócsai 

2013). Human neutrophils are the most common type of granulocytes and play a key role 

in host innate immunity against bacterial infection. WBCs can express molecules, such as 

tissue factor (TF), which can influence hemostasis (Ahn et al. 2005).  

 

1.2.3 Platelets 

Platelets are discoid, anucleate blood cells critical to the process of primary hemostasis. 

Platelets are the smallest cells in the blood, with a diameter of 2 to 4 µm, a thickness of 

70  90 Å, and a density of 1.04  1.08 g/mL (Polanowska-Grabowska, Raha and Gear 

1992). Platelets are formed via fragmentation of magakaryocyte cytoplasm in the bone 

marrow and circulate the vasculature at a concentration of 150  350 billion cells/L for 

about 5  9 days in humans (Daly 2011). Platelets are anuclear but possess other common 

cellular structures, such as mitochondria, Golgi, lysosomes, α- and δ-granules, and 

microtubules. Platelets contain an open canalicular system, which is a dense tubular 

system that plays an important role in rapidly transporting platelet releasate, including 

agonists, into and out of the cell. During normal physiological blood flow, platelets 

typically remain in a quiescent, inactive state and only activate in response to blood 

vessel damage. 
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1.2.4 Endothelial cells 

The luminal surface of blood vessels is lined with a confluent monolayer of ECs. ECs 

incorporate biochemical and physical signals to control leukocyte adhesion and platelet 

adhesion and activation (Granger et al. 2010). ECs locally mediate these processes 

through membrane-bound factors, such as TF, thrombomodulin, and E-selectin, as well 

as secreted factors, such as nitric oxide and prostacyclin (Cines et al. 1998). During 

normal, laminar blood flow, ECs produce factors that maintain quiescence of platelets 

and inhibit leukocyte adhesion. However, vessel wall damage results in ECs expressing 

and secreting molecules, such as TF and von Willebrand factor (VWF), that promote 

primary and secondary hemostasis (Camerer, Kolstø and Prydz 1996). 

 

1.2.5 Hemorheology 

The dynamic process of blood circulation is governed by the rheological properties of 

blood cells, plasma, and the vasculature. Hemorheology, which is the science of flow and 

deformation of blood through vessels, is dependent on blood viscosity, hematocrit, 

protein concentration, RBC deformability, wall shear stress, shear rate, and the geometry 

of blood vessels (Marossy et al. 2009). Wall shear stress is the frictional shear force 

exerted on vessel walls by flowing blood. Under normal physiological conditions, wall 

shear stresses of flowing blood ranges from 15 to 70 dynes/cm
2
 in large straight arteries 

and from 1 to 6 dynes/cm
2
 in veins (Kroll et al. 1996). Shear rate, which is the ratio of 

blood velocity to vessel diameter, ranges from 100  2,000 s
-1

 in large arteries, from 30  

160 s
-1

 in veins, and from 400  1,600 s
-1

 in arterioles and capillaries, respectively (Yang 

1989; Lipowsky 2005; Papaioannou and Stefanadis 2005). However, disease states can 
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alter the shear stresses in vessels, resulting in changes of EC morphology, induction of an 

inflammatory response, and increased expression of cell adhesion molecules (Li, Haga 

and Chien 2005; White and Frangos 2007). Quantitative understanding of blood flow 

dynamics and hemorheology will aid in improving designs of implants (e.g., heart valves, 

artificial hearts) and flow devices (e.g., dialysis machines, blood oxygenators), 

developing drugs and drug delivery vehicles, and elucidating the complex interplay 

between fluid flow characteristics and cardiovascular diseases (Popel and Johnson 2005; 

Cho and Cho 2011). 

 

1.3 Primary Hemostasis 

1.3.1 Mechanism of platelet adhesion 

At sites of vascular injury, primary hemostasis is initiated when platelets adhere to the 

site via interactions with VWF and extracellular matrix (ECM) proteins. VWF is a large, 

multimeric blood glycoprotein produced by ECs. When vessels are damaged, ECM 

collagens are exposed to the blood, resulting in plasma VWF recruitment to the site. In 

the flowing blood vessel, platelets transiently interact with and tether to the bound VWF 

via the platelet glycoprotein (GP) Ibα (CD42b) (Figure 1.1). GPIbα is present on the 

platelet surface in complex with the transmembrane polypeptides GPIbβ, GPIX, and GPV 

to form the GPIb/IX/V complex (Sakariassen et al. 1986). Platelet tethering to VWF 

slows down flowing platelets enough to allow for stable adhesion interactions with the 

ECM primarily through integrin interactions. Integrins are heterodimeric complexes of α 

and β subunits that function in cell adhesion to other cells or proteins. Platelets are 
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stabilized to the injury site by binding to collagen and VWF via GPVI (Moroi et al. 1989) 

and integrin α2β1 (Santoro 1986) (Figure 1.1).  

 

Figure 1.1 Platelet adhesion and aggregation under fluid shear. 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. 

Figure reprinted with permission from ©Ruggeri, 2002, originally published in Nature Medicine 

(Ruggeri 2002). 

 

1.3.2 Platelet activation and aggregation 

Following platelet adhesion to the site of vessel injury, intracellular signaling results in 

platelet calcium mobilization, cytoskeletal reorganization, activation, and spreading. 

Initial GPIbα-VWF interactions induces weak intracellular signaling in platelets that 

leads to integrin activation (Du 2007). Platelet spreading is primarily mediated by 

integrin αIIbβ3 (GPIIb/IIIa; CD41/CD61) and is thought to be important for platelets 

withstanding the shear forces from blood flow (Weiss 1991). Moreover, platelets become 

activated via agonists thrombin and collagen that are present at the site of vessel injury. 

Thrombin binds GPIb and also cleaves the protease-activated receptors (PARs)-1 and -4 
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on the platelet surface. PAR-1/4 are part of the G protein-coupled receptor (GPCR) 

family that activate intracellular signaling pathways. PAR-1/4 initiate intracellular 

signaling through phospholipase C (PLC)-β to result in calcium mobilization and 

ultimately conversion of GPIIb/IIIa to its active state (Figure 1.2). PAR-1 is activated at 

low thrombin concentrations, while PAR-4 mediates activation at high thrombin 

concentrations (Leger et al. 2006).  

 

Collagen induces intracellular signaling via interactions with the platelet immunoglobulin 

GPVI, which is part of the immunoreceptor tyrosine-based activation motif (ITAM)-

coupled receptor family (Bergmeier and Stefanini 2013). The deeper layers of the ECM 

contain collagens type I, III, and V, while the upper layers primarily consist of type IV 

collagen, which has lower platelet activating activity than other collagens but is important 

in GPVI-dependent platelet activation in primary hemostasis (Jung et al. 2008). GPVI 

contains a short cytoplasmic tail that facilitates the association with the ITAM-containing 

Fc receptor γ (FcRγ) chain to initiate downstream signaling events through PLC-γ to 

mobilize calcium and ultimately activate GPIIb/IIIa (Watson et al. 2005; Boulaftali et al. 

2014) (Figure 1.2). 

 

A second wave of platelet activation occurs when proaggregatory compounds are 

released from platelet α- and δ-granules. Adult platelets contain 3 to 8 δ-granules per 

platelet that hold serotonin, polyphosphates, calcium, adenosine 5’-diphosphate (ADP), 

and adenosine triphosphate (ATP) (McNicol and Israels 1999). Upon initial platelet 

activation, ADP is released, which then binds to platelet GPCRs P2Y1 and P2Y12 for 
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second wave platelet activation. P2Y1 is a Gq-coupled receptor and P2Y12 is a Gi-coupled 

receptor and both receptors mediate activation of PLC-β in platelets (Offermanns 2006) 

(Figure 1.2). ADP-induced activation of platelets has a strong effect on activation of 

GPIIb/IIIa but only a minor effect on release of α- and δ-granule content (Cattaneo 2011). 

Platelets also contain 50 to 80 α-granules per platelet, which hold fibrinogen (FG), VWF, 

and coagulation factors V (FV) and VIII (FVIII) (Blair and Flaumenhaft 2009). The 

membranes of platelet α-granules contain GPIIb/IIIa and CD62P (P-selectin), which is 

the main receptor that binds leukocytes, and upon platelet activation, CD62P and 

GPIIb/IIIa are exposed on the platelet surface (Blair and Flaumenhaft 2009).  

 

Thromboxane A2 (TxA2) synthesis and release from platelets contributes to the secondary 

wave of platelet activation. TxA2 is generated when arachidonate is metabolized into 

TxA2 by cyclooxygenase. Released TxA2 binds to the TxA2 receptors, which are Gq- and 

G12/13-coupled, to further augment platelet activation (Stegner and Nieswandt 2011) 

(Figure 1.2). However, the half-life of TxA2 in aqueous solutions is very short, limiting 

its duration of activation and impact. This has led to researchers using a stable TxA2 

analogue, such as U46619, when studying TxA2-induced platelet activation (Gresele et 

al. 2012). 

 

Platelet activation converts the GPIIb/IIIa complex into its high affinity state, which can 

bind to FG, VWF, and fibronectin (Kühne and Imbach 1998). Platelet aggregation occurs 

when FG and/or VWF binds GPIIb/IIIa and cross-links nearby activated platelets to form 

a platelet plug at the site of injury. GPIIb/IIIa is a calcium-dependent heterodimer 



9 

 

comprising of the type I transmembrane proteins GPIIb and GPIIIa (Xiao et al. 2004). 

The intracellular tail of the GPIIb/IIIa complex transmits signals bidirectionally either 

into the platelet cytoplasm after ligand binding, or from the cytosol to the GPIIb/IIIa 

extracellular domain (Gresele et al. 2012). 

 

Figure 1.2 Platelet activation and aggregation. Platelets initially become activated from 

collagen, VWF, and thrombin interactions via GPVI, GPIb, and PAR-1/4 at the site of vessel 

injury. Release of ADP and TxA2 from platelets results in a second wave of platelet activation. 

Conversion of GPIIb/IIIa (αIIbβ3) to its high affinity state allows for binding to fibrinogen to from 

platelet aggregates. Figure reprinted with permission from ©Smyth et. al., 2009, originally 

published in Arteriosclerosis, Thrombosis, and Vascular Biology (Smyth et al. 2009). 

 

Agonist-induced platelet activation results in increased intracellular calcium mobilization 

(Figure 1.2). Cytosolic calcium disrupts the distribution of phopholipids in the platelet 
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outer membrane, promoting exposure of lipid phosphatidlyserine on the platelet surface 

(Keuren et al. 2005). The exposed negatively charged phosphatidylserine facilitates the 

assembly and activation of coagulation factors. 

 

1.3.3 Dysfunction of primary hemostasis 

Platelets are primarily associated with regulating primary hemostasis, but they also play a 

significant role in the pathophysiology of certain diseases. Dysfunction of platelet 

adhesion, activation, and/or aggregation is associated with von Willebrand disease, 

thrombocytopenia, and platelet function disorders. Von Willebrand disease is the most 

common inherited bleeding disorder and is classified into six different types: type 1, 

which is a partial deficiency of VWF; types 2A, 2B, 2M, and 2N are dysfunction of 

VWF; and type 3 is the total absence of VWF (Bowman et al. 2010). Thrombocytopenia 

is associated with a dramatic drop in platelet count below 50,000 cells/µL, which results 

in an impaired ability of patients to form adequate platelet aggregates (van Ommen and 

Peters 2012). 

 

Platelet function disorders can be acquired or inherited, with a higher prevalence of 

platelet disorders being acquired. Often medication, such as aspirin, nonsteroidal anti-

inflammatory drugs, and antibiotics, can result in acquired platelet dysfunction (Litalien 

and Jacqz-Aigrain 2001), but an underlying disease like liver failure, cancer metastasis, 

or cardiovascular disease can also result in dysfunction of primary hemostasis (Boccardo, 

Remuzzi and Galbusera 2004; Sharma and Berger 2011). Common inherited platelet 

disorders include defective or a deficiency of platelet GPIIb/IIIa (Glanzmann’s 



11 

 

thrombasthenia), a defect in one of the components of the GPIb/IX/V complex (Bernard-

Soulier Syndrome), and storage pool deficiency, which is a deficiency in platelet 

secretion granules (van Ommen and Peters 2012). 

 

1.3.4 Common methodologies to study primary hemostasis 

Platelet activation is most commonly assessed with the enzyme-linked immunosorbent 

assay (ELISA), gel electrophoresis and Western blotting, or flow cytometry. The use of 

ELISA for evaluating platelet function typically consists of the incubation of platelets 

with antibodies against platelet activation markers in the presence of agonists, and the 

degree of antibody binding is measured with a specialized ELISA plate reader. ELISAs 

have recently been modified to be high-throughput, fast techniques for assessing platelet 

function (Salles et al. 2010; Zhang et al. 2010), but they have yet to be widely 

incorporated into general clinics. Western blotting is a well characterized assay that has 

been extensively employed in platelet research to measure protein content in activated 

platelets. Nonetheless, gel electrophoresis and Western blotting requires large amounts of 

blood and translation of the technique into a diagnostic assay is complex, therefore this 

assay is typically not readily available for clinical applications (Zhang et al. 2010). Flow 

cytometry is a convenient and highly specific technique that can measure single-cell 

marker expression, as well as evaluate platelet aggregation in response to agonist 

stimulation (Michelson 1996). Recently, flow cytometry has become more commonplace 

in clinical laboratories, thus the development of assays that utilize this technology will be 

useful in studying primary hemostasis. 
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Platelet aggregation is traditionally evaluated with light transmission aggregometry 

(LTA), where the increase in light transmission through a suspension of platelets is 

measured after stimulation with an agonist (Harrison et al. 2011). Although LTA is a 

common technique used in the clinic, the test cannot be performed with whole blood, 

accuracy and reproducibility are very poor, and for samples from patients with 

thrombocytopenia, results are difficult to interpret (Ghoshal et al. 2014). Alternatively, 

impedance platelet aggregometry (IPA) utilizes anticoagulated whole blood stimulated 

with an agonist and measures the electrical impedance to assess platelet aggregation 

(Cardinal and Flower 1980). However, IPA is relatively new and still requires 

standardization for use in a clinical setting.  

 

The bleeding time was the first test to assess primary hemostasis in vivo, which was 

performed by stabbing the patient with a lancet on the forearm and measuring the time 

until cessation of bleeding (Ivy, Nelson and Bucher 1941; Duke 1983). However, the 

inaccuracy, invasiveness, and lack of specificity with the bleeding time has made it 

unpopular, resulting in the development of devices that measure in vitro bleeding times. 

The most common whole blood, bleeding time device is the platelet function analyzer-

100 (PFA-100). The PFA-100 utilizes only about 1 mL of citrated whole blood that is 

passed through a membrane coated with collagen and ADP or epinephrine and the time to 

occlusion (closure time) is measured (Kundu et al. 1995). The PFA-100 is widely used in 

clinical laboratories because it is a rapid technique that is easy to perform, however, it is 

not without limitations. It is highly sensitive for type 3 von Willebrand disease and the 
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more severe platelet defects, but it is insensitive for mild disorders, such as mild type 1 

von Willebrand disease and storage pool deficiency (van Ommen and Peters 2012).  

 

1.4 Secondary Hemostasis 

1.4.1 Initiation phase of coagulation 

Secondary hemostasis is initiated with the activation of the coagulation cascade to 

ultimately convert platelet-bound FG into a cross-linked fibrin meshwork that solidifies 

around platelet aggregates to form a thrombus. The coagulation cascade is a series of 

reactions in which coagulation factor zymogens circulating in the blood and glycoprotein 

cofactors are proteolytically activated to their serine protease forms. Coagulation is 

initiated at sites of vascular damage when subendothelial tissue factor (TF) is exposed to 

the blood. TF binds the coagulation factor VII (FVII) and acts as a cofactor to promote 

activation of FVII to activated FVII (FVIIa). It is thought that the miniscule amount of 

FVIIa that circulates in the blood plays a proteolytic role in the cleavage of FVII into 

FVIIa (Neuenschwander, Fiore and Morrissey 1993). Subsequently, the TF/FVIIa 

complex is capable of proteolytically activating small amounts of coagulation factor IX 

(FIX) into active FIX (FIXa) and factor X (FX) into active FX (FXa). FXa forms a 

prothrombinase complex with cofactor Va (FVa) on the subendothelium, which then 

converts prothrombin (factor II; FII) into thrombin (factor IIa; FIIa) (Monroe and 

Hoffman 2006) (Figure 1.3).  
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Figure 1.3 Coagulation cascade. Coagulation is initiated at sites of vascular injury when TF in 

the subendothelium is exposed to the blood and forms a complex with FVII, which is then 

activated to FVIIa. This complex activates FX to generate thrombin (FIIa). Thrombin activates 

FXI, FVIII, and FV to generate additional thrombin. Thrombin converts fibrinogen into fibrin 

around the platelet aggregates to form a thrombus. Simultaneously, polyphosphates (Poly P) 

released from platelets inhibit lysis of the thrombus and activate FXII, FV, and FXI. Figure 

adapted from ©Versteeg et. al., 2013, originally published in Physiological Reviews (Versteeg et 

al. 2013). 

 

1.4.2 Amplification phase of coagulation 

The amplification phase of coagulation consists of the slow accumulation of generated 

thrombin (Versteeg et al. 2013). In this phase, thrombin activates adhered platelets via 

PAR-1 and PAR-4, as previously described in section 1.3.2. Concurrently, thrombin 

converts coagulation factor XI (FXI) into activated FXI (FXIa) and converts FV that is 
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released from activated platelets into FVa to amplify the activity of prothrombinase 

complexes. Thrombin also converts FVIII into activated FVIII (FVIIIa), which in turn 

will bind to FIXa on the platelet surface and act as a cofactor for the conversion of FX 

into FXa (Figure 1.3). 

 

1.4.3 Propagation phase of coagulation 

The negatively charged phosphatidylserine exposed on the surface of activated platelets 

provides the platform for the propagation phase of coagulation. This phase consists of 

FXIa converting FIX into FIXa, which then forms the tenase complex with FVIII (Figure 

1.3). Subsequently, the tenase complex activates FX and the FXa/FVa complex then 

produces enough thrombin to cleave the platelet-bound FG into insoluble fibrin chains 

around platelet aggregates. Thrombin binds to the Aα and Bβ polypeptide chains of FG to 

cleave and release the fibrinopeptides A and B to expose fibrin polymerization sites and 

initiate fibrin assembly (Crawley et al. 2007). Coagulation factor XIII (FXIII) is also 

activated by thrombin to form activated FXIII (FXIIIa), which then cross-links the 

formed fibrin chains into an insoluble, polymerized fibrin meshwork to form a thrombus 

(Ariëns et al. 2002).  

 

Prothrombin, FVII, FIX, and FX are vitamin K-dependent coagulation factors that 

interact with phospholipid membranes (i.e., the activated platelet surface) via their 

amino-terminal domains that contain γ-carboxyglutamic acid (Dahlbäck 2000). Vitamin 

K acts as a cofactor in the post-translational carboxylation of 9-12 glutamic acid (Gla) 

residues of the amino-terminal domain (Gla domain) to γ-carboxyglutamate residues to 
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allow calcium binding and activation of the coagulation factors (van Herrewegen et al. 

2012). 

 

1.4.4 Intrinsic coagulation pathway 

The intrinsic pathway of coagulation is activated to form thrombi without the aid of any 

external factors, such as TF. This pathway is thought to occur in parallel with TF-initiated 

coagulation (extrinsic pathway of coagulation) to aid in the amplification of thrombin 

generation. Activation of coagulation factors XII (FXII) and FXI has been found to be 

initiated by neutrophil extracellular traps (von Brühl et al. 2012; Itakura and McCarty 

2013), collagen (van der Meijden et al. 2009), and polyphosphates (Renné and Gailani 

2007; Puy et al. 2013). Polyphosphates produced by activated platelets bind to and 

activate FXII (FXIIa) and act as a cofactor for thrombin activation of FXI and FV (Choi, 

Smith and Morrissey 2011) (Figure 1.3). Activation of FXII cleaves plasma prekallikrein 

into kallikrein, resulting in subsequent activation of FXI, FIX, FX, and prothrombin 

(Müller et al. 2009). The activation of FXII by polyphosphates is thought to aid in fibrin 

clot stability (Ratnoff and Colopy 1955; Pauer et al. 2004) by acting to inhibit clot 

fibrinolysis (Smith et al. 2010). 

 

1.4.5 Inhibition of secondary hemostasis 

During secondary hemostasis, negative control proteins work to regulate thrombin 

generation and to prevent uncontrolled thrombus growth. The protease inhibitors 

antithrombin (AT), tissue factor pathway inhibitor (TFPI), heparin cofactor II, and C1 

inhibitor circulate the blood and inactivate activated coagulation factors via binding to the 
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active site. TFPI is a Kunitz-type protease inhibitor present on the surface of endothelial 

cells, in platelets, and circulating in the plasma, and inhibits free FXa and transient 

TF/FVIIa/FXa complexes (Broze and Girard 2012). AT is a serine protease inhibitor and 

directly inhibits FIXa, FXa, and thrombin (Versteeg et al. 2013). Activated protein C 

(APC) in complex with protein S inactivates FVIIIa and FVa to diminish the 

prothrombotic actions of the tenase and prothrombinase complexes (Dahlback and 

Villoutreix 2005). APC is generated when thrombin binds thrombomodulin, which is 

expressed on endothelial cells, and thrombin proteolytically cleaves protein C into APC 

bound to endothelial protein C receptors (EPCRs) (Koutsi, Papapanagiotou and 

Papavassiliou 2008).  

 

1.4.6 Secondary hemostasis dysfunction and thrombosis 

Disorders involving the coagulation cascade are either inherited or acquired and can 

result in bleeding tendencies and/or thrombotic complications. The most common 

inherited coagulation disorders are hemophilia A and B, which results from deficiency of 

coagulation factors VIII (FVIII) and IX (FIX), and often manifests as muscle or joint 

hemorrhages (van Herrewegen et al. 2012). Hemophilia C, which is FXI deficiency, is a 

rare condition but bleeding tendency varies widely and is often unpredictable due to the 

FXI level not necessarily correlating with severity of bleeding (Rosenthal, Dreskin and 

Rosenthal 1953). Other rare congenital coagulation factor deficiencies that often result in 

bleeding are deficiencies in FV, FVII, FX, thrombin, or prothrombin (Bolton-Maggs et 

al. 2004). FXII deficiency is the most common factor deficiency; however, patients 

deficient in FXII often do not present any bleeding tendency (Lammle et al. 1991).  
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Acquired coagulation disorders are more common than inherited disorders and are often 

associated with disease or the use of pharmacological agents. Disseminated intravascular 

coagulation, which can result from disruption of the APC system due to diseases, such as 

sepsis, inflammation, cancer, trauma, or liver disease, is systemic activation of 

coagulation resulting in the widespread formation of microthrombi in blood vessels, 

reduced plasma levels of coagulation factors, and subsequent bleeding (Wada, 

Matsumoto and Yamashita 2014). Vitamin K deficiency is a common bleeding disorder 

in children with gastrointestinal disease (Sutor 1995) and results in reduced calcium 

binding of the γ-carboxyglutamic acid domains of coagulation factors and the loss of 

ability to bind to phospholipid membranes (Furie and Furie 1992). Liver disease is 

commonly associated with bleeding complications due to the inability of damaged 

parenchymal cells to synthesize coagulation factors, leading to factor deficiency 

(Mammen 1992). The use of the pharmacological agents heparin, which inhibits 

thrombin, or warfarin, which inhibits synthesis of vitamin K-dependent coagulation 

factors, abrogates the formation of occlusive thrombi, but can also lead to bleeding 

complications (Garcia, Libby and Crowther 2010).  

 

In addition to hemorrhagic events, activation of the coagulation cascade in diseased blood 

vessels can lead to the formation of pathologic thrombi. Virchow’s triad states that 

thrombosis is caused by alterations in the vessel wall, blood flow perturbations, and 

changes in blood composition (Naess et al. 2007). Venous thromboembolism, which is 

the formation of venous thrombi or pulmonary embolisms, is thought to occur from stasis 

of blood flow, low oxygen tension, endothelial cell activation, platelet activation, or 
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alterations in concentration or function of pro- or anticoagulant factors (Mackman 2012; 

Reitsma, Versteeg and Middeldorp 2012). Cancer metastasis is routinely associated with 

increased risk of occlusive thrombi formation, and thrombosis in cancer patients is a 

common cause of mortality (Trousseau 1865; Tesselaar et al. 2007). Tumor cells have 

been found to express elevated levels of TF, which can promote tumor growth, 

angiogenesis, and metastasis (Bromberg et al. 1995; Riewald and Ruf 2001). Currently, 

the role of TF-exposing extracellular vesicles produced by cancer cells (Dvorak et al. 

1983) in potentiating occlusive thrombus formation is an active area of research. 

Additionally, it has been suggested that thrombus formation may facilitate tumor cell 

arrest in the vasculature during cancer metastasis (Dardik et al. 1997; McCarty et al. 

2002; Bambace and Holmes 2011). Further investigations into the interactions between 

hemostasis and cancer is critical to ultimately improve diagnosis, prevention, and 

treatment of cancer. 

 

1.4.7 Common methodologies to study secondary hemostasis 

Typical screening tests for disorders of secondary hemostasis include the prothrombin 

time (PT), thrombin time (TT), activated partial thromboplastin time (aPTT), and 

activated clotting time (ACT) (van Herrewegen et al. 2012). The PT assay measures the 

time for citrated platelet poor plasma to clot after the addition of calcium and 

thromboplastin, which contains TF and phospholipids (Armand J. 1935). The PT assay 

will have prolonged clotting time of samples with deficiencies in FVII, FX, FV, 

prothrombin, or fibrinogen. Similar to the PT test, the TT assay is used to measure the 

time of clotting after administration of thrombin and calcium to citrated plasma (Kitchen 
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and Makris 2009). Prolonged TT may indicate reduced FG levels, FG dysfunction, 

disseminated intravascular coagulation, or abnormal fibrinolysis, but is most commonly 

due to contamination of the sample with the thrombin inhibitor heparin (Lee, Berntorp 

and Hoots 2008).  

 

The aPTT assay assesses the intrinsic coagulation pathway by measuring the clotting time 

after adding partial thromboplastin (phospholipids), calcium, and a surface contact 

activator (e.g., celite, kaolin, silica, or ellagic acid) to citrated platelet poor plasma 

(Langdell, Wagner and Brinkhous 1953). Prolonged aPTT clotting time will occur with 

deficiencies in high molecular weight kininogen, prekallikrein, FXII, FXI, FIX, FVIII, 

FX, FV, prothrombin, or FG. The ACT test utilizes fresh, whole blood that is added to a 

tube containing a surface activator to induce activation of the intrinsic coagulation 

pathway, similar to the aPTT test, and the time to occlusion is measured (Horton and 

Augustin 2013). However, the ACT assay is less precise than the aPTT test and is 

influenced by numerous variables, such as platelet count, platelet function, factor 

deficiencies, heparin use, and blood temperature. These screening tests are limited in 

specificity and abnormal results typically require additional testing, such as performing 

individual coagulation factor activity assays, measuring FG levels, AT and APC assays, 

and genetic testing for inherited disorders (Favaloro, Funk and Lippi 2012). 

 

One of the few assays that evaluates both primary and secondary hemostasis is 

thromboelastography (TEG). TEG measures the visco-elastic properties of a clot by 

inserting citrated whole blood, calcium, and TF or a surface contact activator into a cup 
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with a torsion wire suspending a pin connected to a mechanical-electrical transducer and 

the cup rotates to mimic sluggish venous flow and to activate coagulation (Salooja and 

Perry 2001). TEG measures the physical properties of the clot as it forms and provides 

global information on the dynamics of thrombosis and fibrinolysis (Luz, Nascimento and 

Rizoli 2013). TEG has been shown to be more sensitive to bleeding defects than the PT, 

TT, or aPTT assays, but typically further testing is required to elucidate the specific 

hemostatic dysfunction (Perry et al. 2010). TEG is currently a promising technique but 

additional studies are needed to further standardize the method and to increase 

specificity. As our understanding of secondary hemostasis progresses, new techniques 

will likely need to be developed to aid in the diagnosis of coagulation disorders and the 

evaluation of novel therapeutics. 

 

1.5 Dissertation Overview 

Hemostasis is a complex system of pro- and anticoagulant processes that work to cease 

bleeding at sites of vascular injury. Bleeding complications or thrombotic events are 

associated with various pathological states; however, the role of platelets and coagulation 

in many of these diseases remains ill-defined. Thus, the development of novel techniques 

for studying hemostasis and thrombosis will aid in elucidating underlying mechanisms of 

primary and secondary hemostasis and help with the development of new 

pharmacological therapeutic interventions for treating pathological conditions. This 

dissertation centers on the development and use of metrological assays to evaluate 

primary and secondary hemostasis in healthy adults and in early development, and to 

investigate the role of coagulation in cancer metastasis.  
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Currently available assays evaluate platelet aggregation or thrombus formation under 

static conditions, but few assess hemostasis and whole blood coagulation under the 

physiological condition of fluid shear. Moreover, few assays provide quantitative 

measurements of the biophysical properties underlying platelet aggregation and thrombus 

formation. Chapter 3 describes the development and application of label-free imaging 

techniques to evaluate the effect of shear rate and the activation of coagulation on the 

physical parameters of platelet aggregates and thrombi formed under fluid shear.  

 

Although previous studies utilizing static platelet adhesion methods have characterized 

single platelet adhesion, activation, and spreading on protein-coated surfaces, the role of 

platelet concentration in the propagation of second wave activation and subsequent 

aggregation following adhesion to protein surfaces remains ill-defined. Chapter 4 

presents a novel static platelet function assay that utilizes the label-free imaging methods 

developed in Chapter 3 and the physical parameter of platelet concentration to evaluate 

platelet adhesion, activation, and aggregation. 

 

Development of the human hemostatic system is a dynamic process where neonatal 

hemostasis is functionally distinct from adult hemostasis. Currently available neonatal 

platelet function testing is limited due to difficulties obtaining adequate blood volume 

from neonates, lack of normal reference ranges, and an incomplete understanding of the 

neonatal platelet functional phenotype. Chapter 5 describes the development of four 

novel small volume, whole blood, platelet function assays for evaluating neonatal platelet 

adhesion, activation, and aggregation. 
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Cancer metastasis is commonly associated with increased risk of clot formation and 

formed thrombi can frequently be observed in histological samples of metastases 

(O’Meara 1958; O’Meara and Jackson 1958; Hiramoto et al. 1960); however, the role of 

tumor cells, blood cells, coagulation factors, and formed thrombi in metastasis is not well 

understood (Dardik et al. 1997; Bambace and Holmes 2011). Chapter 6 describes a 

method to evaluate cancer cell interactions with platelet aggregates and thrombi under 

fluid shear conditions and highlights a potential role of coagulation and 

polymorphonuclear leukocytes in facilitating metastatic cancer cell adhesion and arrest. 

 

The methods and studies outlined in Chapters 3-6 provide insights into primary and 

secondary hemostasis in healthy adults, in early development, and in the pathologic state 

of cancer metastasis. In Chapter 7, the key findings from my dissertation research are 

summarized and areas of interest for future work are highlighted. 
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Chapter 2: Common Materials and Methods 

 

2.1 Ethical Considerations 

Studies in this dissertation were conducted using human blood. All human adult donors 

were healthy and gave full informed consent in accordance with the Declaration of 

Helsinki. For human neonate blood donations, parents gave full informed consent. 

Experiments using human adult and neonate donors were performed with approval of the 

Oregon Health & Science University Institutional Review Board.  

 

2.2 Collection of Human Adult Blood 

Human adult venous blood was collected via venipuncture from healthy male or female 

volunteers (age 18 or older) who had been aspirin-free for at least two weeks prior. Blood 

was collected directly into syringes containing the anticoagulant, trisodium citrate 

(NaCit; 0.38% w/v; Sigma-Aldrich, St Louis, MO) or D-phenylalanyl-L-prolyl-L-

arginine chloromethyl ketone (PPACK, 40 µmol/L; Haematologic Technologies, Essex 

Junction, VT). 

 

2.3 Flow Chamber Assays 

2.3.1 Flow chamber protein coating 

Glass capillary vitrotubes (0.2 × 2.0 × 50 mm or 0.4 × 4.0 × 50 mm; VitroCom, Mountain 

Lakes, NJ) were coated with a protein solution for 1 h at 25
o
C, followed by washing with 

PBS. Protein-coated slides were then either blocked with BSA (5 mg/mL, 1 hr at 25C; 

Sigma-Aldrich) or coated with a second protein coating solution for 1 hr, at 25
o
C, 
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followed by washing with PBS and blocking with BSA. Protein-coated vitrotubes were 

assembled onto microscope slides and mounted onto the stage of an inverted microscope 

(Zeiss Axiovert 200 M, Carl Zeiss MicroImaging GmbH, Germany). 

 

2.3.2 Platelet aggregation 

A pulse-free syringe pump perfused NaCit-anticoagulated blood through coated 

vitrotubes for 5 min at physiologically relevant shear rates to form platelet aggregates 

(Figure 2.1). Vitrotubes containing platelet aggregates were washed for 5 min with 

modified HEPES-buffered Tyrode’s solution (136 mmol/L NaCl, 2.7 mmol/L KCl, 10 

mmol/L HEPES, 2 mmol/L MgCl2, 2 mmol/L CaCl2, 5.6 mmol/L glucose, 0.1% BSA; 

pH 7.45) at the same shear rate to remove unbound blood components. The samples were 

then fixed with paraformaldehyde (PFA, 4%) and capillary tubes were filled with 

Fluoromount-G (SouthernBiotech, Birmingham, AL) for image analysis. 

 

Figure 2.1 Schematic of platelet aggregation flow chamber system. Anticoagulated whole 

blood is pulled through a protein-coated chamber at the desired shear rate with a pulse-free 

syringe pump. The flow chamber is mounted above a microscope for imaging of platelet 

interactions and aggregate formation during and after perfusion. Figure was adapted from 

©Michelle A. Berny-Lang Dissertation at Oregon Health & Science University (Berny-Lang 

2010). 
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2.3.3 Thrombus formation 

In order to trigger coagulation and drive fibrin formation under shear, a separate syringe 

pump mixed calcium flow buffer (75 mmol/L CaCl2 and 37.5 mmol/L MgCl2) with 

NaCit-anticoagulated venous blood immediately prior to perfusion through the protein-

coated flow chamber (Figure 2.2) (White et al. 2007; Berny et al. 2010; White-Adams et 

al. 2010). Vitrotubes containing formed thrombi were washed for 5 min with modified 

HEPES-buffered Tyrode’s solution at the same shear rate to remove unbound blood 

components. The samples were then fixed with 4% PFA and capillary tubes were filled 

with Fluoromount-G for image analysis. 

 

Figure 2.2 Schematic of the thrombus flow chamber system. Two syringe pumps co-perfuse 

sodium citrate-anticoagulated whole blood with calcium flow buffer to initiate coagulation and 

form thrombi in the protein-coated perfusion chamber. The flow chamber is mounted above an 

objective to image thrombus formation. Figure was adapted from ©Michelle A. Berny-Lang 

Dissertation at Oregon Health & Science University (Berny-Lang 2010). 

 

2.4 Quantitative Imaging Methods 

2.4.1 Hilbert transform differential interference contrast (HTDIC) method for volume 

measurements 

Through-focus differential interference contrast (DIC) imaging of samples were 

performed at ×40 or ×63 magnification with an oil-coupled, numerical aperture (NA) of 
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1.4 objective lens on a Zeiss Axio Imager 2 microscope (Carl Zeiss MicroImaging 

GmbH). Three hundred through-focus transverse DIC images with an illumination 

condenser NA of 0.9 were separated by a 0.1 µm axial increment. Images were recorded 

with a charge-coupled device camera (12-bit AxioCam MRc5; Carl Zeiss). The 

microscope was operated under the control of SlideBook 5.5 software (Intelligent 

Imaging Innovations, Denver, CO). 

 

The application of a Hilbert transform to DIC images, referred to as HTDIC, is a simple, 

non-iterative, fast-Fourier transform based image processing method that can quickly be 

applied to the imagery of biological specimens under high NA illumination conditions. 

High NA illumination enables enhanced sectioning of the specimen along the optical 

axis. Hilbert transform processing on the DIC image stacks significantly enhances edge 

detection for localization of the specimen borders in three dimensions by separating the 

gray values of the specimen intensity from those of the background. The HTDIC method 

is based on the work by Arnison et. al. (Arnison et al. 2000) but with the addition of 

Fourier filtering methods to enhance contrast and a Sobel-based edge detection method 

for automated volumetric analysis on the sample. The application of a high-pass Fourier 

filter was introduced to eliminate axial blurring and to facilitate edge detection of 

specimens in DIC image cubes (Figure 2.3). The cross-sectional planes of the DIC 

images were detected using a Sobel-based edge detection with the area computed in each 

plane and then added together using a custom program written in MATLAB 

(MathWorks, Natick, MA) (Baker, Phillips and McCarty 2012; Phillips, Baker-Groberg 
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and McCarty 2014). Area measurements were determined by outlining en face HTDIC 

images at the central focal position of the image cube. 

 

Figure 2.3 Optimal DIC contrast enhancement using HTDIC: polystyrene spheres and a 

SW620 cell. (A) Cross-sectional DIC imagery of a 4.8 µm polystyrene sphere, (B) corresponding 

HTDIC image, and (C) Fourier filtered HTDIC image. The axial dimension of the sphere images 

have been scaled to account for refractive index mismatch of the specimen (1.597) and the 

mounting media (1.4). (D-F) demonstrate the same image types for an SW620 cell, however, with 

no refractive index mismatch correction owing to the weak index contrast of the specimen. No 

thresholding has been performed on these images. Figure was adapted from ©Phillips et. al., 

2014, originally published in JOVE (Phillips, Baker-Groberg and McCarty 2014). 

 

2.4.2 Non-interferometric quantitative phase microscopy (NIQPM) method for mass 

measurements 

Through-focus, z-stack bright field imaging of the samples was performed at ×40 or ×63 

magnification with an oil-coupled, 1.4 NA objective lens and an illumination condenser 
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NA of 0.1 with a green filter (λ = 540 ± 20 nm, Chroma Technology Corp., Bellows 

Falls, VT) on a Zeiss Axio Imager 2 microscope. Images were taken at 0.1 µm axial 

increments. Images were recorded with a charge-coupled device camera (12-bit AxioCam 

MRc5). The microscope was operated by SlideBook 5.5 software.  

 

Mass measurements were acquired using the non-interferometric quantitative phase 

microscopy (NIQPM) technique. Cells often appear semi-transparent when imaged with 

standard bright field microscopes due to their weak scattering and absorption properties 

over the optical spectrum. NIQPM is based on a simplified model of wave propagation 

(paraxial approximation) assuming low NA illumination, weak scattering, and weak 

absorption by the specimen. Paganin and Nugent demonstrated that the phase profile of a 

cell could be reconstructed from through-focus bright field imagery of the sample 

(Paganin and Nugent 1998). The transport intensity equation relates axial intensity, 

denoted I(x,y,z), variations to transverse phase variations by 

(2.1): −
2𝜋

𝜆

𝜕𝐼(𝑥,𝑦,𝑧)

𝜕𝑧
=  ∇𝑥,𝑦[𝐼(𝑥, 𝑦, 𝑧)∇𝑥,𝑦𝜑(𝑥. 𝑦. 𝑧)] 

where ∇x,y denotes the two dimensional gradient operator in the transverse x,y coordinates 

(perpendicular to optical, z-axis), φ denotes phase (radians), and λ is the wavelength of 

illumination light. Equation 2.1 was used to determine phase from bright field intensity 

measurements acquired with the Zeiss Axio Imager 2 microscope and charge coupled 

device camera. To solve for phase numerically, a Green function technique was applied 

to the measured phase values using a two-dimensional Fourier spectral method (Frank, 

Altmeyer and Wernicke 2010; Phillips et al. 2012).  
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The phase can also be defined as the sum of the refractive index of the sample, denoted 

ncell, along the height of the sample, denoted h(x,y) (µm) (Barer 1953; Popescu et al. 

2008), as described by the following equation: 

(2.2): 𝜑(𝑥, 𝑦) =  
2𝜋

𝜆
∫ [𝑛𝑐𝑒𝑙𝑙(𝑥, 𝑦, 𝑧) −  𝑛0]𝑑𝑧

ℎ(𝑥,𝑦)

0
 

Barer et. al. (Barer 1953) demonstrated that because the cellular refractive index is 

linearly proportional to the dry mass content of a cell, the dry mass content of a cell could 

be determined using quantitative measurements of phase. The refractive index is 

dependent on the dry mass density as given by 

(2.3): 𝑛𝑐𝑒𝑙𝑙(𝑥, 𝑦, 𝑧) =  𝑛0 +  𝛼𝐶(𝑥, 𝑦, 𝑧) 

where C (g/mL) is the dry mass density of the cell and α is the specific refraction 

increment of the cell solids (~0.2 mL/g). By defining the projected mass density as  

(2.4): 𝜌(𝑥, 𝑦) =  ∫ 𝐶(𝑥, 𝑦, 𝑧)𝑑𝑧
ℎ(𝑥,𝑦)

0
    [𝑔/𝜇𝑚2], 

ρ was obtained from phase by substituting Equation 2.3 into Equation 2.2 to get 

(2.5): 𝜌 =  
𝜆𝜑

2𝜋𝛼
   [𝑔/𝜇𝑚2] 

Using a custom MATLAB program, total cellular mass was then determined by 

integrating over the area of the cell (Phillips and McCarty 2012).  

 

The NIQPM method was validated for a range of sample sizes using polystyrene 

microspheres (Figure 2.4). The NIQPM reconstructed phase profile was compared to a 

theoretical phase profile for transmitted waves through a sphere, defined as 

(2.6): 𝜑 =  
4𝜋(𝑛𝑠𝑝ℎ𝑒𝑟𝑒−𝑛𝐹𝐿𝐺)

𝜆
√𝑟2 − (𝑥 −  𝑥0)2 

 where radius is denoted as r, and nFLG is the refractive index of mounting media (1.4).  
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Figure 2.4 NIQPM validation over two orders of magnitude. (A,C,E) Bright field imagery of 

polystyrene microspheres (n = 1.597, λ = 540 nm) suspended in Fluoromount-G (n = 1.4) with 

diameters of 0.11, 0.95, and 4.8 µm, respectively. (B,D,F) Corresponding transport of intensity 

based quantitative phase maps. (G,H,I) demonstrate theoretical phase profiles (dashed) for each 

polystyrene sphere with corresponding data (circles) overlaid. Figure was adapted from ©Phillips 

et. al., 2012, originally published in Frontiers in Oncology (Phillips and McCarty 2012). 
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The general steps in the HTDIC and NIQPM protocols are illustrated in Figure 2.5. 

 

Figure 2.5 HTDIC and NIQPM workflow. (1.) Cells are mounted on microscope slides with 

cover glass affixed over the sample using Fluoromount-G. (2.) Through-focus DIC and bright 

field imaging with a standard microscope form the input to the image processing. (3.) Post-

processing of images in MATLAB to determine cell volume from DIC and cellular mass 

distribution from bright field imagery. (4.) Quantitative endpoint metrics: heat maps and bar 

graphs. Figure was adapted from ©Phillips et. al., 2014, originally published in JOVE (Phillips, 

Baker-Groberg and McCarty 2014). 

 

2.5 Statistical Analysis 

All data are represented as mean ± standard error of the mean (SEM), unless noted 

otherwise. Each experimental condition was repeated at least 3 times. Statistical analysis 

was performed using paired Student's t-test. Significance for all statistical tests required P 

≤ 0.05, unless noted otherwise. 
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Chapter 3: Development of Label-free Imaging Techniques for the 

Quantification of Volume, Mass, and Density of Thrombus Formation 

 

Sandra M. Baker, Kevin G. Phillips, and Owen J. T. McCarty 

3.1 Abstract 

Flow chamber assays, in which blood is perfused over surfaces of immobilized ECM 

proteins, are used to investigate the formation of platelet aggregates and thrombi under 

shear flow conditions. Elucidating the dynamic response of thrombi/aggregate formation 

to different coagulation pathway perturbations in vitro has been used to develop an 

understanding of normal and pathological cardiovascular states. Current microscopy 

techniques, such as differential interference contrast (DIC) or fluorescent confocal 

imaging, respectively, do not provide a simple, quantitative understanding of the basic 

physical features (volume, mass, and density) of thrombi/aggregate structures. The use of 

two label-free imaging techniques applied, for the first time, to platelet aggregate and 

thrombus formation are introduced: non-interferometric quantitative phase microscopy, 

to determine mass, and Hilbert transform DIC microscopy, to perform volume 

measurements. Together these techniques enable a quantitative biophysical 

characterization of aggregates and thrombi formed on three surfaces: fibrillar collagen, 

collagen + 0.1 nM tissue factor (TF), and collagen + 1 nM TF. It is demonstrated that 

label-free imaging techniques provide quantitative insight into the mechanisms by which 

thrombi and aggregates are formed in response to exposure to different combinations of 

procoagulant agonists under shear flow. Utilization of these imaging techniques can 

allow for insights into the kinetics and mechanisms by which thrombi are formed under 

various shear conditions in a label-free manner. 
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3.2 Introduction 

Methods presented in this dissertation were designed to evaluate primary and secondary 

hemostasis under static and fluid shear conditions. This chapter presents two label-free, 

quantitative imaging techniques to define the biophysical parameters of volume and mass 

of platelet aggregates and thrombi formed on different procoagulant surfaces under fluid 

shear conditions. Our results indicate that the presence of coagulation restricts platelet 

aggregate/thrombi size at high arterial shear rates and fibrin formation increases thrombi 

mass while thrombi volume remains constant. 

 

3.3 Background 

Recent work has demonstrated the ability to utilize commercially available imaging 

platforms to perform quantitative investigations of cellular mass via low numerical 

aperture (NA) illumination bright field imagery (Phillips and McCarty 2012; Phillips, 

Jacques and McCarty 2012) and cellular volume (Baker, Phillips and McCarty 2012), 

using high NA illumination differential interference contrast (DIC) microscopy. 

Excitingly, these results demonstrate that key insights into the basic biophysical structure 

and composition of biological specimens are within reach using standard off-the-shelf 

optical microscopes employing label-free imaging modalities. To date, efforts to quantify 

This work was originally published by Springer Cellular and Molecular 

Bioengineering 2012; Volume 5, Number 4, Pages: 488-492 

and by Society of Photo-optical Instrumentation Engineers (SPIE) Journal of 

Biomedical Optics 2013; Volume 18, Number 1, Pages: 16014.  

Reprinted with permission 
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the basic physical features of platelet thrombi and aggregates in the context of hemostasis 

and thrombosis have relied on fluorescent probes and confocal microscopy to quantify 

protein biodistribution and perform sample volume measurements using surface markers. 

While instructive, some of the limitations of confocal microscopy stem from the potential 

for non-specific labeling by promiscuous antibodies and the lack of reagents or 

biomarkers for disease-specific applications. Moreover, confocal microscopy can provide 

only limited biophysical parameters – those dependent on the localization of the 

fluorescent label. DIC microscopy is commonly used to assess thrombi/aggregate surface 

area, but is limited to two-dimensional analyses of these complex structures. To provide a 

three-dimensional and label-free biophysical picture of these structures, we have 

developed a label-free imaging strategy consisting of Hilbert transform DIC microscopy 

(Arnison et al. 2000) and non-interferometric quantitative phase microscopy (NIQPM) 

(Paganin and Nugent 1998) to quantify the mass, volume, and density of platelet 

aggregates and thrombi formed in vitro using a flow chamber assay (McCarty et al. 

2004). This platform is amenable to optical imaging to monitor both time-dependent and 

endpoint metrics associated with clot formation. 

 

DIC microscopy is now a ubiquitous imaging modality due to its unique phase contrast 

enhancement ability. DIC image contrast is produced by phase gradients in transmitted 

waves through weak index contrast specimens, enabling high definition imaging of 

unstained samples that otherwise would appear semi-transparent using traditional bright 

field microscopy techniques (Arnison et al. 2000; Lee et al. 2007). Phase gradients in the 

transmitted field through the sample arise from either height changes, mass density 
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variations, or the product of the two along the optical path taken by waves through the 

sample (Preza et al. 1998; Gramatikov 2012; Phillips et al. 2012). DIC images are not 

amenable to thresh-holding due to the overlap of gray level intensities of the imaged 

specimen with the background substrate upon which the sample is mounted. This failure 

to isolate details of the sample from the background makes additional processing of the 

image necessary in order to extract quantitative information (Arnison et al. 2000).  

 

The Hilbert transform is a spatial frequency space multiplier operator that creates 

symmetric image features through the maintenance of positive frequency components and 

the reversal of negative frequency components (van Munster, van Vliet and Aten 1997; 

Arnison et al. 2000). The utility of the transform lays in its ability to remove the bas 

relief of DIC images, thus enabling the ability to threshold the background intensity 

values out of the image (Figure 3.1a). The application of a Hilbert transform to DIC 

images, referred to as HTDIC, is a simple non-iterative fast-Fourier transform based 

image processing method that can quickly be applied to the imagery of biological 

specimens. 

 

The ability to threshold the image comes with the artificial introduction of low frequency 

noise components which give rise to axial blurring (Figure 3.1a, top right). We introduce 

the application of a high-pass Fourier filter to eliminate this axial blurring to facilitate 

edge detection of specimens in DIC image cubes (Figure 3.1a, bottom right). Using this 

high-pass filtered HTDIC post processing procedure we investigated the geometric 

parameters of platelet aggregates and thrombi formed under conditions of shear. 
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Figure 3.1 Validation of HTDIC imaging technique. (a) Sagittal ×40 DIC image of a 4.82 ± 

0.59 µm diameter polystyrene microsphere bead (left). Cross-sectional view of the DIC z-stack 

images (top right), Hilbert transformed DIC z-stack (middle right), and high-pass filtered Hilbert 

transformed DIC z-stack (bottom right) of the microsphere. (b) Sagittal DIC image of a platelet 

aggregate formed at 200 s
-1

 shear rate (left). Cross-sectional view of the DIC z-stack images (top 

right), Hilbert transformed DIC z-stack (middle right), and high-pass filtered Hilbert transformed 

DIC z-stack (bottom right) of the platelet aggregate. The direction of flow is indicated by the 

white arrow. Intensity values are in arbitrary units. Scale bars represent 5 µm. (c and d) Mean 

surface area coverage and volume of ten 7.67 ± 0.38 µm diameter fluorescein polystyrene 

microspheres calculated using confocal fluorescence microscopy and the HTDIC technique. The 

actual surface area coverage and volume of the spheres using the manufacturer specifications are 

also plotted. Error bars are ± standard deviation. (e and f) Mean surface area coverage and 

volume for ten 0.95 ± 0.10 µm, 4.82 ± 0.59 µm, 9.86 ± 0.65 µm, and 20.92 ± 0.64 µm diameter 

uniform polystyrene microspheres calculated using the HTDIC technique. Results are plotted 

against the actual values for the spheres according to the manufacturer. Error bars are ± standard 

deviation. 
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NIQPM is carried out using standard bright field imagery. Bright field images of weak 

index contrast specimens, such as cells, appear semi-transparent due to the weak 

scattering and low absorption of the illuminating light. The amplitude of transmitted 

waves thus remains relatively unchanged during propagation through the sample. 

However, thickness and density fluctuations within the sample create phase lags in the 

transmitted waves. Under the paraxial approximation to the full wave dynamics, the 

phase of the transmitted waves can be related to the axial variation of the intensity of 

these waves via the transport of intensity equation (Paganin and Nugent 1998). To satisfy 

the assumptions of the paraxial approximation, low (NA = 0.1) trans-illumination 

combined with through-focus bright field imaging form the basis of the input to the 

transport of intensity equation to perform phase measurements of the transmitted field 

through the sample. We have recently validated the NIQPM method on polystyrene 

spheres ranging in size from 0.11 to 4.8 µm in diameter, which produce phase shifts 

ranging from 0.25 to 11 radians (Phillips and McCarty 2012). To determine mass, phase 

is then mapped to the axially integrated mass density of the specimen (Barer 1953) to 

produce a projected mass density image. Summation of the area of the projected mass 

density image gives the total mass of the specimen (Popescu 2008). 

 

Collagen is a protein found in connective tissues, and when exposed to whole blood in 

circulation, such as in damaged endothelium, platelets bind to collagen via the adhesive 

protein VWF (McCarty et al. 2006). The process of platelet recruitment, adhesion, 

activation and aggregate formation is termed primary hemostasis. Tissue factor (TF) is a 

protein expressed on the surface of subendothelial cells and when bound to coagulation 
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factor VIIa, can activate factor X to initiate thrombin generation, resulting in fibrin 

formation (Berny et al. 2010). As collagen-bound platelets become activated, they 

provide a surface for the activation of the coagulation cascade. This process of leads to 

local generation of fibrin on the growing platelet plug, termed thrombus formation or 

secondary hemostasis. 

 

The combination of the NIQPM method with the HTDIC post processing procedure is a 

powerful image analysis technique that enables the determination of sample mass, 

volume, and density fluctuations in different regions of interest within a sample. In the 

current study, we utilize the HTDIC/NIQPM method to analyze the geometric parameters 

of platelet aggregates and thrombi formed under conditions of shear. 

 

3.4 Materials and Methods  

3.4.1 Confocal microscopy validation of the HTDIC technique  

To validate the HTDIC method (described in Chapter 2), average surface area coverage 

and volume of ten 7.67 ± 0.38 µm diameter fluorescein polystyrene microspheres (Bangs 

Laboratory, Inc., Fishers, IN) were measured using both confocal fluorescence 

microscopy and our HTDIC technique (Figures 3.1c and 3.1d). Confocal fluorescent 

microscopy was performed on a Zeiss Elyra PS.1/LSM 710 microscope (Carl Zeiss 

MicroImaging GmbH) and microspheres were imaged and analyzed using the Zen 2011 

imaging software (Carl Zeiss MicroImaging GmbH). The confocal fluorescence 

microscopy software calculated mean surface area coverage to be 50.3 ± 5.3 µm
2
 and 

mean volume to be 228.0 ± 40.7 µm
3
 for the ten microspheres. The HTDIC technique 
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calculated mean surface area coverage to be 46.6 ± 2.9 µm
2
 and mean volume to be 243.3 

± 21.5 µm
3
 for the microspheres. According to the manufacturer specifications, actual 

surface area coverage and volume of the microspheres was 46.2 ± 4.6 µm
2
 and 236.3 ± 

35.5 µm
3
. This validation demonstrates that the HTDIC technique is equivalent to 

confocal fluorescence microscopy in estimating geometric sample parameters.  

 

3.4.2 Determination of valid sample size range for the HTDIC technique 

To investigate the range of validity of the HTDIC method to measure volume, 10 

different (0.95 ± 0.10 µm, 4.82 ± 0.59 µm, 9.86 ± 0.65 µm, and 20.92 ± 0.64 µm 

diameter; Bangs Laboratory, Inc., Fishers, IN) polystyrene microspheres were analyzed. 

The actual manufacturer surface area coverage and volume of the microspheres were 

compared to values calculated using the HTDIC technique (Figures 3.1e and 3.1f). The 

HTDIC method was determined to be within the manufacturing variation of the 

microspheres in the range of 1– 20 µm diameter samples. As expected, the HTDIC 

method failed for 0.1 µm polystyrene microspheres (data not shown), as they are below 

the diffraction limit of optical microscopy (~0.25 µm) (de Lange et al. 2001).  

 

3.4.3 Blood collection and flow chamber preparation 

To investigate and characterize the physical parameters of platelet aggregation and 

thrombus formation, human whole blood was perfused over three different surfaces 

containing immobilized procoagulant agonists: fibrillar collagen, fibrillar collagen with 

relipidated human recombinant TF at a concentration of 0.1 nM, or fibrillar collagen with 

TF at 1 nM. Calcium ions present in whole blood are essential for the activation of 
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coagulation factors. Experimental chelation of calcium ions in whole blood by the 

anticoagulant, sodium citrate (NaCit), prevents the activation of coagulation factors, thus 

allowing for only platelet aggregation to occur. Recalcification of sodium citrate-

anticoagulated whole blood with excess molar calcium and magnesium results in 

thrombin generation and thrombus formation. 

 

With the purpose of generating platelet aggregates under flow (Figures 3.1b), whole 

blood was collected into NaCit or PPACK, as described in Chapter 2. Blood collected 

into PPACK was supplemented with 10 µmol/L PPACK every hour to maintain 

inactivation of coagulation factors, resulting in only platelet-collagen adhesion and 

platelet–platelet aggregations. Glass capillary vitrotubes (0.2 × 2.0 × 50 mm) were coated 

with fibrillar equine Type I collagen (100 µg/mL, Chrono-Log, Havertown, PA) or 

collagen and TF (Dade Innovin, Siemens Healthcare Diagnostics, Deerfield, IL) at 0.1 

nM or 1 nM, as described in Chapter 2. PPACK- or NaCit-anticoagulated blood was 

perfused through the flow chamber for 5 min to form platelet aggregates at 

physiologically relevant shear rates of either 200 s
-1

 or 1000 s
-1

 (De Clerck et al. 1994; 

Berny et al. 2010). 

 

In order to form thrombi under shear in the presence of coagulation, venous blood was 

collected into NaCit and perfused through glass capillary vitrotubes (0.2 × 2.0 × 50 mm) 

coated with fibrillar collagen (100 µg/mL) or collagen and TF at 0.1 nM or 1 nM in the 

presence of calcium flow buffer, as described in Chapter 2. All experiments were 

repeated using blood from three different donors. 
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3.4.4 Platelet aggregate and thrombus image acquisition 

Through-focus, z-stack images performed at ×63 magnification from three random fields 

of view (215 µm × 160 µm) were processed for each sample, resulting in a total of nine z-

stack images for each treatment. Z-stack images were taken from the surface of the slide 

to 5 µm above the platelet aggregate or thrombi, which ranged in height from 2  15 µm, 

in accord with previous studies (McCarty et al. 2005). The HTDIC and NIQPM imaging 

methods described in Chapter 2 were used to obtain sample volume and mass. Volume 

and mass calculations were used to calculate the mean density of platelet aggregates and 

thrombi formed over the three surfaces. 

 

3.5 Results 

3.5.1 Surface area and volume of platelet aggregates and thrombi
 

Figures 3.2c, 3.2d, 3.2e, and 3.2f show the histograms of surface area coverage and 

volume of individual platelet aggregates and thrombi formed at 200 s
-1

 and 1000 s
-1

 shear 

rates. Table 3.1 displays the range for the greatest frequency (peak) for surface area 

coverage and volume of individual platelet aggregates and thrombi.  

 

Table 3.1 Range of greatest frequency for surface area coverage and volume of individual 

platelet aggregates and thrombi at 200 s
-1

 and 1000 s
-1

. 

 
Platelet aggregates Thrombi 

Shear rate 
Surface area 

coverage (µm
2
) 

Volume (µm
3
) 

Surface area 

coverage (µm
2
) 

Volume (µm
3
) 

200 s
-1

 140 - 180 150 - 250 80 - 120 50 - 150 

1000 s
-1

 140 - 160 300 - 400 60 - 100 300 - 400 
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Figures 3.2c and 3.2d display mean total surface area coverage of platelet aggregates and 

thrombi formed at 200 s
-1

 and 1000 s
-1

 for a 215 µm by 160 µm field of view, while 

Figures 3.2e and 3.2f show mean total volume of platelet aggregates and thrombi for the 

field of view formed at 200 s
-1

 and 1000 s
-1

. 

 

Figure 3.2 Platelet aggregate and thrombi surface area coverage and volume. (a) DIC image 

of platelet aggregates formed at 200 s
-1

 and 1000 s
-1

 shear rates. (b) DIC images of thrombi 

formed at 200 s
-1

 and 1000 s
-1

 shear rates. All scale bars represent 20 µm. (c, d, e, and f) 

Histograms of aggregate and thrombus surface area coverage and volume for 200 s
-1

 and 1000 s
-1

 

shear rates collected over three trials. The surface area coverage histograms used 20 µm
2
 size 

bins, while the volume histograms used 50 µm
3
 bins. Inlaid bar graphs display mean total 

aggregate and thrombus surface area coverage and volume for a 215 µm by 160 µm field of view. 

Error bars are ± SEM. Asterisks denote a P ≤ 0.05 in comparison to 200 s
-1

 shear rate values. 
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Platelet aggregate mean total surface area coverage for the 215 µm by 160 µm field of 

view increased from 10,091 ± 531 µm
2
 at 200 s

-1
 to 18,393 ± 2040 µm

2
 at 1000 s

-1
, with a 

P of 0.017. Platelet aggregate mean total volume for the field of view increased from 

15,948 ± 2146 µm
3
 at 200 s

-1
 to 42,937 ± 10,672 µm

3
 at 1000 s

-1
, with a P of 0.036. 

Thrombi mean total surface area coverage for the same size field of view increased from 

8,982 ± 1,567 µm
2
 at 200 s

-1
 to 14,527 ± 909 µm

2
 at 1000 s

-1
, with a P of 0.038. Thrombi 

mean total volume for the field of view increased from 29,761 ± 7235 µm
3
 at 200 s

-1
 to 

34,349 ± 5,991 µm
3
 at 1000 s

-1
, with a P of 0.651. 

 

3.5.2 Volume, mass, and density of platelet aggregates and thrombi formed on three 

different surfaces 

Whole blood collected into sodium citrate resulted in only platelet-collagen adhesion and 

platelet-platelet aggregations (Figure 3.3), while the addition of calcium and magnesium 

to citrated-anticoagulated whole blood activated coagulation factors to form fibrin 

(Figure 3.3) and create thrombi.  
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Figure 3.3 Phase maps of aggregates and thrombi formed on a collagen surface. Differential 

interference contrast (top row), bright field (middle row), and corresponding NIQPM phase map 

images (bottom row) for platelet aggregates and thrombi formed on three surfaces: fibrillar 

collagen, fibrillar collagen + 0.1 nM TF, and fibrillar collagen + 1 nM TF. The arrow indicates 

direction of flow. The scale and color bars are common to all images. 

 

Mean volume of platelet aggregates and thrombi did not significantly differ between the 

three surfaces (fibrillar collagen, fibrillar collagen + 0.1 nM TF, or fibrillar collagen + 1 

nM TF) (Figure 3.4a). However, mean mass (Figure 3.4b) and density (Figure 3.4c) of 

thrombi significantly increased from 122.8 ± 14.1 pg and 0.03 ± 0.002 pg/µm
3
 to 325.0 ± 

10.7 pg and 0.07 ± 0.003 pg/µm
3
 (P ≤ 0.01) on fibrillar collagen + 1 nM TF compared 

with fibrillar collagen alone. 
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Figure 3.4 Volume, mass, and density of platelet aggregates and thrombi. (a) Mean volume, 

(b) mass, and (c) density of platelet aggregates and thrombi for a 50 µm by 50 µm field of view. 

Error bars are ± SEM. * denotes a P ≤ 0.01 in comparison to platelet aggregate values and ** 

indicates a P ≤ 0.01 compared with collagen-coated slides. 

 

3.6 Discussion 

Evaluation of the physical features of thrombi and platelet aggregates can be carried out 

using specific fluorescent probes imaged under confocal microscopy to quantify volume 

(Falati et al. 2002). However, fluorescent labels have been suspected to affect platelet 

function and structural quantitative information, such as density, cannot be investigated 

with confocal microscopy. We have developed two label-free imaging techniques 

(HTDIC and NIQPM) to characterize the volume, mass, surface area coverage, and 

density of platelet aggregates and thrombi formed under shear. 

 

Our data indicates that the surface area coverage and volume of platelet aggregates 

increases with shear. However, under conditions of coagulation, the surface area 
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coverage of thrombi increases with shear while the volume appears to remain constant. 

Two dimensional analysis of thrombi and aggregates imaged under DIC demonstrate TF-

dependent fibrin formation in the presence of calcium and magnesium, though the 

quantification of the biophysical changes among thrombi is confined to area alone. These 

two dimensional images cannot reveal the three dimensional organization of platelet 

aggregates and fibrin formation. Interestingly, NIQPM and HTDIC revealed that 

although the volume of formed thrombi on a surface of collagen +1 nM TF was similar to 

the other treatments, the mass and density of the thrombi formed with 1 nM TF increased 

significantly, presumably due to an increased degree of fibrin formation for the same 

equivalent number of platelets. This parallels confocal-based observations of fluorescent 

fibrin reporters, which indicate the presence of TF increases the number of fibrin cross-

links in thrombi (Campbell et al. 2009). 

 

Our results demonstrate the effectiveness of label-free imaging modalities to measure the 

basic physical features of platelet aggregates and thrombi structures. Utilization of these 

imaging techniques can allow for insights into the kinetics and mechanisms by which 

thrombi are formed under various shear conditions in a label-free manner. Having the 

capability of determining clot density in a fast, accurate, and technologically-accessible 

manner will provide investigators a quantitative means to characterize the efficacy of 

novel antithrombotics and treatment strategies to inhibit pathologic thrombus formation.  
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Chapter 4: Development of a Method to Quantify Platelet Adhesion and 

Aggregation under Static Conditions 

 

Sandra M. Baker-Groberg, Flor A. Cianchetti, Kevin G. Phillips, Owen J.T. McCarty 

 

4.1 Abstract 

Platelets are important players in hemostasis and thrombosis. Thus, accurate assessment 

of platelet function is crucial for identifying platelet function disorders and measuring the 

efficacy of antiplatelet therapies. We have developed a novel platelet aggregation 

technique that utilizes the physical parameter of platelet concentration in conjunction 

with volume and mass measurements to evaluate platelet adhesion and aggregation. 

Platelet aggregates were formed by incubating purified platelets on fibrinogen- or fibrillar 

collagen-coated surfaces at platelet concentrations ranging from 20,000 to 500,000 

platelets/µL. Platelets formed aggregates under static conditions in a platelet 

concentration-dependent manner, with significantly greater mean volume and mass at 

higher platelet concentrations (≥ 400,000 platelets/µL). We show that a platelet 

glycoprotein (GP) IIb/IIIa inhibitor abrogated platelet-platelet aggregation, which 

significantly reduced the volume and mass of the platelets on the collagen surface. This 

static platelet aggregation technique is amenable to standardization and represents a 

useful tool to investigate the mechanism of platelet activation and aggregation under 

static conditions. 
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4.2 Introduction 

Chapter 3 described the development of label-free, quantitative imaging modalities used 

to investigate platelet aggregation and thrombus formation under fluid shear conditions. 

The method presented in this chapter utilizes the developed imaging assays to evaluate 

platelet function by assessing the physical parameters of platelet aggregation under static 

conditions with varying platelet concentration. The technique described in Chapter 4 

provides a novel method to evaluate platelet function and study the effect of novel 

antiplatelet therapeutics. 

 

4.3 Background 

Platelets are anucleate blood cells that are critical to the process of hemostasis and 

thrombosis. During hemostasis, the endothelium produces inhibitory factors that keep 

platelets in a resting state. However, during vascular injury, the ECM is exposed to blood, 

resulting in local platelet adhesion and activation to initiate platelet aggregation and 

thrombus formation (Michelson 2004). Platelets bind the exposed ECM proteins collagen 

and von Willebrand factor through integrin α2β1 and glycoprotein (GP) Ib, respectively, 

allowing for rapid activation via GPVI (Shattil, Kashiwagi and Pampori 1998; Roberts, 

McNicol and Bose 2004). Upon platelet activation, GPIIb/IIIa (integrin αIIbβ3) changes 

conformation to its active form on the platelet surface and binds the blood plasma protein 

fibrinogen to help meditate platelet-platelet adhesion. Activated platelets release platelet 

This work was originally published by Springer  

Cellular and Molecular Bioengineering 2014; Volume 7, Number 2, Pages: 285-290 

Reprinted with permission 
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agonists (e.g., ADP and TxA2) that activate other platelets in the blood stream, further 

augmenting the platelet aggregation process (Michelson 2004; Maloney, Brass and 

Diamond 2010). Vessel injury also exposes tissue factor to the blood, which activates the 

coagulation cascade to generate thrombin. Thrombin converts the platelet-bound 

fibrinogen into fibrin to create a fibrin meshwork that solidifies around the platelet 

aggregate to form a thrombus. However, in the conditions of disease, normal platelet 

hemostasic function is often disrupted, resulting in bleeding and/or thrombotic 

complications (Ruggeri 2002; Michelson 2004).  

 

We introduce a platelet function technique that utilizes the physical parameter of platelet 

concentration in conjunction with volume and mass quantification to assess platelet 

adhesion and aggregation. Purified platelets are incubated on protein coated glass 

coverslips under static conditions at physiologically low, normal, or high platelet 

concentrations to form platelet aggregates. Platelet-substrate and platelet-platelet 

interactions are visualized using a basic laboratory microscope, and platelet aggregate 

mass and volume are measured using the HTDIC/NIQPM imaging technique. We have 

previously used the HTDIC/NIQPM imaging technique to quantify the volume and mass 

of red blood cells, platelet aggregates, and thrombi (Baker, Phillips and McCarty 2012; 

Phillips and McCarty 2012, 2012; Phillips, Jacques and McCarty 2012; Baker-Groberg, 

Phillips and McCarty 2013). Combining HTDIC/NIQPM imaging with static platelet 

aggregation provides a quantitative platelet aggregation technique that can be used to 

study platelet function and evaluate the efficacy of antiplatelet therapies. 
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4.4 Materials and Methods 

4.4.1 Human blood collection and platelet purification 

Human venous blood was drawn from healthy donors into NaCit and acid citrate dextrose 

(85 mmol/L sodium citrate, 111 mmol/L glucose, 78 mmol/L citric acid), as previously 

described (McCarty et al. 2005). Platelet-rich plasma was prepared by centrifugation of 

anticoagulated blood at 200 g for 10 min. Platelets were further purified from platelet-

rich plasma by centrifugation at 1000 g in the presence of prostacyclin (0.1 µg/mL). 

Purified platelets were resuspended in modified HEPES-buffered Tyrode’s solution 

containing 0.1 µg/mL prostacyclin and washed once by centrifugation and resuspension 

in HEPES-buffered Tyrode’s solution at indicated concentrations (Aslan et al. 2013).  

 

4.4.2 Static adhesion assay 

Glass coverslips (32 mm diameter) were placed in 24 well-plates and coated with 50 µL 

of fibrinogen (FG; 50 µg/mL; Kordia Laboratory Supplies, Leiden, NL) or fibrillar 

collagen (100 µg/mL) for 1 hr at 25
o
C, followed by washing with PBS and blocking with 

BSA (5 mg/mL, 1 hr at 25
o
C). Purified platelets were incubated with the FG- or collagen-

coated coverslips for 45 min at 37
o
C at the physiologically low (20,000 platelets/µL), 

normal (100,000 to 400,000 platelets/µL), or high (500,000 platelets/µL) platelet 

concentrations (Hanke et al. 2010). The coverslips were washed with modified HEPES-

buffered Tyrode’s solution and fixed with 4% PFA. The samples were mounted onto 

glass microscope slides with Fluoromount-G. Experiments were repeated using blood 

from three different donors. 
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4.4.3 Image acquisition and processing 

DIC and bright field z-stack images were taken from the surface of the slide to 5 µm 

above the platelet aggregates with ×63 magnification. HTDIC and NIQPM analysis was 

performed to determine volume, mass, and density of platelet aggregates for each region 

(32 µm by 32 µm; 12 regions per field of view; three fields of view per sample), as 

described in Chapter 2. 

 

4.5 Results 

It was observed that under static conditions, platelets aggregated at the higher platelet 

concentrations of 400,000 and 500,000 platelets/µL, while platelets only formed 

microaggregates or single platelet monolayers at the lower concentrations of 20,000 and 

100,000 platelets/µL (Figure 4.1 and 4.2).  
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Figure 4.1 Platelet aggregation on fibrinogen-coated surfaces. (a,d,g,j) XY and XZ DIC 

projections of platelet aggregates formed on fibrinogen-coated coverslips at 20,000, 100,000, 

400,000, or 500,000 platelets/µL, respectively. Representative image from 3 independent 

experiments. (b,e,h,k) Magnified image of region within the white box in (a,d,g,j). (c,f,i,l) 

Projected density of the white box in (a,d,g,j) determined with the NIQPM technique. 
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Figure 4.2 Platelet aggregation on collagen-coated surfaces. (a,d,g,j) XY and XZ DIC 

projections of platelet aggregates formed on fibrillar collagen-coated coverslips at 20,000, 

100,000, 400,000, or 500,000 platelets/µL. Representative image from 3 independent 

experiments. (b,e,h,k) Magnified image of region within the white box in (a,d,g,j). (c,f,i,l) 

Projected density of the white box in (a,d,g,j) determined with the NIQPM technique. 
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The mean region volume and mass of platelet aggregates increased with platelet 

concentration on both the fibrinogen and collagen surfaces (Figure 4.3).  

 

Figure 4.3 Platelet aggregate formation under static conditions as a function of platelet 

count. Mean platelet aggregate (a) volume and (b) mass for a 32 µm by 32 µm region collected 

over three trials. Error bars are ± standard error of the mean. 

 

To determine whether our technique could be used to evaluate antiplatelet therapies, 

platelets were incubated with the GPIIb/IIIa inhibitor, eptifibatide (20 µg/mL; 

Millennium Pharmaceuticals, Cambridge, MA) for 10 min at 25
o
C prior to platelet 

incubation on collagen-coated glass coverslips at platelet concentrations of 400,000 and 

500,000 platelets/µL. We found that inhibition of GPIIb/IIIa abrogated platelet 
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aggregation, resulting in only a monolayer of platelets remaining, accompanied by a 

significant decrease in the mean region volume and mass as compared to vehicle 

treatment (Figure 4.4).  

 

Figure 4.4 Platelets treated with a GPIIb/IIIa inhibitor form platelet monolayers on 

collagen-coated surfaces. Platelets were incubated with the GPIIb/IIIa inhibitor, eptifibatide (20 

µg/mL; 10 min at 25
o
C), followed by incubation on fibrillar collagen-coated glass coverslips at 

platelet concentrations of (a,b,c) 400,000 or (d,e,f) 500,000 platelets/µL. (a,d) XY and XZ DIC 

projections of GPIIb/IIIa-treated platelet aggregates. Representative image from 3 independent 

experiments. (b,e) Magnified image of region within the white box in (a,d). (c,f) Projected density 

of the white box in (a,d) determined with the NIQPM technique. Mean platelet aggregate (g) 

volume and (h) mass for a 32 µm by 32 µm region collected over three trials. Error bars are ± 

standard error of the mean. 
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For both the conditions utilizing 400,000 and 500,000 platelets/µL, it is noteworthy that 

the mean volume and mass of platelets on collagen in the presence of the GPIIb/IIIa 

inhibitor were comparable to the mean volume and mass of platelets on collagen for 

100,000 platelets/µL, where only a confluent monolayer of platelets was observed. 

 

4.6 Discussion 

This study describes the use of a novel static platelet aggregation method to quantify 

platelet aggregation on the single cell level. To the best of our knowledge, this is the first 

report of the role of platelet count in the induction of platelet-platelet aggregation under 

static conditions. This method could be used to investigate the mechanisms of platelet-

platelet interactions as a function of platelet count in a closed system, where the ADP and 

TxA2 feedback pathways may dominate platelet activation. Utilization of our method 

could provide a quantitative assay to evaluate the efficacy of platelet antagonists that 

target the ADP and TxA2 pathways. 
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Chapter 5: Assessment of Neonatal Platelet Adhesion, Activation, and 

Aggregation 

 

Sandra M. Baker-Groberg, Susan Lattimore, Michael Recht, Owen J.T. McCarty, and 

Kristina M. Haley 

 

5.1 Abstract 

Both acquired and inherited bleeding disorders may present in the neonatal period and 

have devastating lifelong effects. Diagnosing bleeding disorders in the neonatal 

population could aid in providing treatment for bleeding complications. However, 

currently available platelet function testing is limited in neonates owing to difficulties 

obtaining adequate blood volume, lack of normal reference ranges, and an incomplete 

understanding of the neonatal platelet functional phenotype. We aim to develop small-

volume, whole blood platelet function assays to quantify and compare neonatal and adult 

platelet function. Peripheral blood was obtained from healthy, full-term neonates at 24-

hours of life. Platelet activation, secretion, and aggregation were measured via flow 

cytometry. Platelet adhesion and aggregation were assessed under static and flow 

conditions. As compared to adult platelets, peripheral neonatal platelet P-selectin 

expression and integrin GPIIb/IIIa activation was significantly reduced in response to the 

G protein-coupled receptor (GPCR)-agonists thrombin receptor activator peptide (TRAP-

6), ADP, and U46619 and the immunoreceptor tyrosine-based activation motif (ITAM)-

signaling pathway agonists CRP and rhodocytin. Neonatal platelet aggregation was 

markedly reduced in response to TRAP-6, ADP, U46619, CRP, and rhodocytin as 

compared to adult platelets. The extent of neonatal and adult platelet adhesion and 
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aggregate formation under static and shear conditions on collagen and von Willebrand 

factor (VWF) were similar. As compared to adult platelets, we found that peripheral 

neonatal platelet activation and secretion were blunted in response to either GPCR- or 

ITAM-agonists, while the extent of neonatal platelet adhesion and aggregate formation 

was similar to adult platelets. 

 

5.2 Introduction 

The methods developed in Chapters 3 and 4 were utilized to study primary and secondary 

hemostasis in healthy adults. However, there are few metrological techniques currently 

available that can be used to assess platelet function in the neonate population due to 

blood volume limitations. The lack of functional assays that can be used with neonates 

hinders the evaluation of platelets in this population as well as the understanding of 

physiological differences between neonatal and adult platelets. Chapter 5 presents four 

small volume, whole blood, platelet function assays developed to evaluate neonatal 

platelet adhesion, activation, and aggregation under static and fluid shear conditions. 

 

5.3 Background 

Maintenance of the highly regulated human hemostatic system is dependent on the 

delicate balance of the pro- and anticoagulant systems of primary and secondary 

hemostasis and fibrinolysis. At sites of vascular injury, primary hemostasis is initiated 

This work is currently under review in the Journal of Thrombosis and Haemostasis. 
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when platelets are recruited to extracellular matrix proteins in the basement membrane 

through binding of the platelet glycoprotein (GP) Ib complex to collagen-bound von 

Willebrand factor (VWF), allowing for adhesion via platelet α2β1 and GPIIb/IIIa integrins 

(Wei et al. 2009). Following platelet adhesion, intracellular signaling downstream of the 

immunoreceptor tyrosine-based activation motif (ITAM) containing receptor, GPVI,  

results in rapid calcium mobilization, granule release, cytoskeletal reorganization, platelet 

spreading to increase surface area, and release of the secondary mediators, adenosine 5’-

diphosphate (ADP) and thromboxane A2 (TxA2), which activate platelets downstream of 

the G-protein coupled receptors (GPCRs) P2Y12 and P2Y1 and TxA2 receptor, 

respectively (Del Vecchio, Motta and Romagnoli). Upon platelet activation, the 

GPIIb/IIIa complex undergoes a conformational change into its high affinity state, 

allowing for binding of fibrinogen, VWF, and fibronectin (Kühne and Imbach 1998). 

Platelets aggregate together via GPIIb/IIIa-fibrinogen interactions to form a platelet plug. 

Furthermore, phosphatidylserine is exposed on the platelet surface following activation, 

facilitating the assembly and activation of coagulation factors. Concomitant with primary 

hemostasis is the activation of the coagulation cascade, resulting in the generation of 

thrombin, which in turn activates platelets via the GPCRs PAR1/4 and cleaves fibrinogen 

into fibrin around the platelet plug to firmly establish a hemostatic plug. 

 

The neonatal hemostatic system is developmentally regulated, and significant differences 

exist between the adult and neonatal hemostatic system. Discrepancies in the secondary 

hemostatic system have been fairly well-defined. Age-specific reference values for the 

pro- and anticoagulant proteins are available. Delineating whether differences exist 
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between the neonatal and adult primary hemostatic system has been problematic. 

Neonatal platelet number and structure does not differ from adult platelet number and 

structure (Israels, Rand and Michelson 2003; Haley, Recht and McCarty 2014). Yet, 

neonatal platelet function is thought to be distinct from adult platelet function (Ferrer-

Marin et al. 2013). The neonatal platelet functional phenotype has largely been inferred 

from studies with samples derived from cord blood. However, it is unclear whether 

platelets isolated from cord blood are functionally similar to platelets derived from 

peripheral blood (Saxonhouse et al. 2010). Currently available evidence indicates that 

neonatal platelets have decreased response to platelet agonists, decreased granule 

secretion, decreased fibrinogen binding, and decreased platelet aggregation (Del Vecchio, 

Motta and Romagnoli; Israels et al. 1999; Sola-Visner 2012). This hypo-reactivity is 

believed to persist for up to several weeks after delivery (Strauss, Sidlik-Muskatel and 

Kenet 2011). Despite these differences, bleeding times and PFA-100 closure times in 

healthy full-term neonates have been reported as shorter than in adults, suggesting more 

effective primary hemostasis (Roschitz et al. 2001).  

 

Despite the characterization of their hemostatic system as immature, healthy full-term 

newborns are functionally hemostatic. However, premature and sick newborns often 

present with comorbid disruptions in their hemostatic system, with a relatively high 

incidence of thrombocytopenia and coagulopathy leading to potentially life-threatening 

bleeding (Sola-Visner 2012). Improved understanding of the functional phenotype of 

neonatal platelets is needed in order to determine age-based reference values as well as 

the role of potential platelet hypo-reactivity in pathological bleeding. New platelet 
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function tests are needed that can be easily employed in the neonatal population. 

Currently, the blood volume required to perform platelet aggregation testing presents 

challenges and the role of the other hemostatic components on platelet function has not 

been assessed. We have developed four small-volume, whole blood, platelet function 

assays to allow for the assessment of the functional phenotype of neonatal platelets in 

their natural milieu, allowing for comparison to adult platelets. 

 

5.4 Materials and Methods 

5.4.1 Adult and neonate whole blood collection 

Adult venous blood was collected from healthy volunteers in accordance with an Oregon 

Health & Science University Institutional Review Board approved protocol into 

trisodium citrate (0.38% w/v; Sigma-Aldrich, St Louis, MO). 500 - 1000 µL of blood 

from healthy, full-term (> 38 weeks gestation) neonates who were in the newborn nursery 

and receiving no medications was collected via heel stick into trisodium citrate (0.38% 

w/v) at 24-hours of life in accordance with an Oregon Health & Science University 

Institutional Review Board approved protocol. Neonates in the newborn intensive care 

unit were excluded from participation. 

 

5.4.2 Platelet and white blood cell (WBC) quantification assay 

2.5 µL of adult or neonatal citrated whole blood was diluted 1:10 with HEPES-buffered 

Tyrode’s solution (136 mM NaCl, 2.7 mM KCl, 10 mM HEPES, 2 mM MgCl2, 2 mM 

CaCl2, 5.6 mM glucose, 0.1% bovine serum albumin; pH 7.45), added to a fluorescence-

activated cell sorting (FACS) tube containing antibodies CD41-FITC (1:100; BioLegend, 
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San Diego, CA) and CD45-APC (1:100; BD Biosciences, San Jose, CA), and incubated 

at 25˚C for 20 min. BD Cytofix Fixation Buffer (1:3; BD Biosciences) was added to the 

FACS tube and incubated for 5 min at 25˚C. The sample was then diluted 1:100 with 

PBS, measured by FACS (BD FACSCanto II Flow Cytometer; BD Biosciences), and 

analyzed using Flowing 2.5.1 software (Perttu Terho and Turku Bioimaging, Turku, 

Finland). The percentage of events positive for CD41-FITC or CD45-APC was quantified 

by FACS to enumerate platelets and white blood cells (WBCs).   

 

5.4.3 Platelet activation assay 

A volume of 2.5 µL of adult or neonatal citrated whole blood was diluted 1:10 with 

HEPES-buffered Tyrode’s solution, added to FACS tubes containing the antibodies PAC-

1-FITC (1:100; BD Biosciences) or CD62P-APC (1:100; Acris Antibodies, Herford, 

Germany) and either thrombin receptor activator 6 (TRAP-6; 10 µM; Tocris Bioscience, 

Bristol, UK), ADP (10 µM; Sigma-Aldrich), TxA2 receptor agonist (U46619; 10 µM; 

Tocris Bioscience), collagen-related peptide (CRP; 10 µg/mL; kind gift from Dr. Richard 

Farndale, Cambridge, UK), epinephrine (10 µM; Chrono-Log, Havertown, PA), 

rhodocytin (300 nM; kindly provided by Dr. Johannes Eble, Muenster, Germany), 

calcium ionophore A23187 (10 µM; Sigma-Aldrich), or vehicle, and incubated for 20 

min at 25˚C. BD Cytofix Fixation Buffer (1:3) was added to each FACS tube and 

incubated at 25˚C for 5 min. Samples were diluted 1:100 with PBS, measured by FACS 

(BD FACSCanto II Flow Cytometer), and analyzed using Flowing 2.5.1 software. The 

platelet gate was determined by CD41-FITC positive events measured in the platelet and 

WBC quantification assay. This assay required a total of 25 µL whole blood. 
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5.4.4 Platelet aggregation assay 

A volume of 150 µL of adult or neonatal citrated whole blood was treated with D-

phenylalanyl-L-prolyl-L-arginine chloromethyl ketone (PPACK; 40 µM; Haematologic 

Technologies, Essex Junction, VT) and split evenly into two aliquots. Each aliquot was 

centrifuged at 1000 g for 5 min. Plasma was removed and stored at 25˚C. Each sample 

was re-suspended with 75 µL of HEPES-buffered Tyrode’s solution and incubated with 

antibodies CD45-APC (1:100) and either CD31-eFluor 450 or CD31-FITC (1:100; 

eBioscience, San Diego, CA) for 15 min at 25˚C, followed by centrifugation at 1000 g for 

5 min. The supernatants were discarded and the pelleted blood samples were re-

suspended in reserved plasma in order to maintain donor plasma fibrinogen levels. The 

aliquots were combined and 10 µL of the sample was added to microfuge tubes 

containing TRAP-6 (10 µM), ADP (10 µM), U46619 (10 µM), CRP (10 µg/mL), 

epinephrine (10 µM), ristocetin (1 mg/mL; Chrono-Log), rhodocytin (300 nM), calcium 

ionophore (10 µM), or vehicle in a BioShake iQ shaker plate (Quantifoil Instruments 

GmbH, Jena, Germany) rotating at 1000 rpm and heated to 37˚C. In select experiments, 

blood samples were pretreated with a GPIIb/IIIa inhibitor (eptifibatide; 20 µg/mL; 

Millennium Pharmaceuticals, Cambridge, MA), a monoclonal antibody directed against 

GPIb (6D1; 20 µg/mL; kindly provided by Dr. Barry Coller, New York, NY), or vehicle 

for 10 min at 25˚C prior to agonist incubation. At 0, 0.5, 1, 2, and 5 min after agonist 

treatment, 1 µL of the sample was removed and diluted 1:200 with 12.5% BD Cytofix 

Fixation Buffer in PBS. Samples were measured by FACS (BD FACSCanto II Flow 

Cytometer) and analyzed using Flowing 2.5.1 software. The rate and degree of platelet 

aggregation was determined by quantifying double-colored CD31 events at each time 



65 

 

point, as adapted from the method used by De Cuyper et. al. (De Cuyper et al. 2013). In 

order to distinguish platelet-platelet interactions from platelet-WBC interactions, CD45 

positive events were excluded from the platelet aggregation analysis. This assay required 

150 µL of whole blood. 

 

5.4.5 Static platelet adhesion and aggregation assay 

5 mm diameter circles were drawn on rectangular glass coverslips (No. 1.5, 22 × 50 mm; 

Corning Inc., Corning, NY) using a PAP pen (Life Technologies, Eugene, OR). 

Coverslips were coated with fibrillar equine Type I collagen (100 µg/mL; Chrono-Log) 

or human VWF (100 µg/mL; Haematologic Technologies) for 1 hr at 25˚C, followed by 

washing with PBS. Protein-coated coverslips were then blocked with fatty acid free 

bovine serum albumin (BSA; 5 mg/mL; Sigma-Aldrich) for 1 hr at 25˚C and washed with 

PBS. 10 µL of citrated whole blood was incubated with TRAP-6 (10 µM), ADP (10 µM), 

U46619 (10 µM), CRP (10 µg/mL), epinephrine (10 µM), ristocetin (1 mg/mL), 

rhodocytin (300 nM), calcium ionophore (10 µM), or vehicle for 10 min at 25˚C. In 

select experiments, blood samples were pretreated with eptifibatide (20 µg/mL), 6D1 (20 

µg/mL), or vehicle for 10 min at 25˚C prior to agonist treatment. 5 µL of agonist-treated 

blood was added to VWF- or collagen-coated coverslip circles and incubated for 30 min 

at 25˚C. Coverslips were washed with HEPES-buffered Tyrode’s solution and treated 

with a staining solution containing antibodies CD41a-PE (1:100; eBioscience) and 

CD62P-FITC (1:100; BioLegend) for 10 min at 25˚C. Coverslips were washed and fixed 

with 4% PFA and Hoechst 33342 (1:1000; Life Technologies) for 10 min at 25˚C. 

Coverslips were washed again and mounted onto glass slides using Fluoromount-G 
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(SouthernBiotech, Birmingham, AL). Slides were imaged using a ×63 oil-coupled, 1.4 

numerical aperture objective and an upright Zeiss Axio Imager.M2 microscope (Carl 

Zeiss MicroImaging GmbH, Gottingen, Germany). Through-focus transverse differential 

interference contrast (DIC) images of the samples were separated by a 0.1 µm axial 

increment while the microscope was operated under the control of SlideBook 5.5 

software (Intelligent Imaging Innovations, Denver, CO). Volume measurements were 

obtained using the custom Hilbert transform DIC (HTDIC) program written in MATLAB 

(MathWorks, Natick, MA), as previously described (Baker, Phillips and McCarty 2012; 

Baker-Groberg et al. 2015). This assay required 100 µL of whole blood. 

 

5.4.6 Flow chamber assay 

Small-volume flow chambers (µ-Slide VI0.1; Ibidi GmbH, Munich, Germany) were 

coated with fibrillar collagen (100 µg/mL) or VWF (100 µg/mL) for 1 hr at 25˚C, 

followed by washing with PBS. Protein-coated flow chambers were blocked with BSA (5 

mg/mL) for 1 hr at 25˚C and washed with PBS. Coated flow chambers were assembled 

onto the stage of an inverted Zeiss Axiovert 200M microscope (Carl Zeiss MicroImaging 

GmbH). Citrated whole blood was perfused through collagen- or VWF-coated flow 

chambers at shear rates of 200 s
-1

 (9.4 µL of blood per chamber) or 1500 s
-1

 (70.3 µL of 

blood per chamber) for 30 sec using a pulse-free syringe pump. In select experiments, 

blood samples were pretreated with eptifibatide (20 µg/mL), 6D1 (20 µg/mL), or vehicle 

for 10 min at 25˚C prior to perfusion.  Flow chambers were washed with HEPES-

buffered Tyrode’s solution for 5 min to remove unbound blood components and stained 

with antibodies CD41a-PE and CD62P-FITC (1:100) for 5 min at the same shear rate. 
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Samples were fixed with 4% PFA and stained with Hoechst 33342 (1:1000) for 5 min at 

the same shear rate, followed by washing with HEPES-buffered Tyrode’s solution. DIC 

and fluorescent images were acquired using SlideBook 5.5 software. Percent surface area 

coverage of CD41a positive cells in a 140 × 105 µm field of view was analyzed using 

ImageJ 1.48v software (National Institutes of Health, Bethesda, MD). This assay required 

200 µL of whole blood. 

 

5.5 Results 

5.5.1 Quantification of neonatal platelets and white blood cells 

The mean percentage of events positive for CD41-FITC (binds GPIIb) or CD45-APC for 

neonatal and adult samples are listed in Table 5.1. Neonatal samples contained a higher 

percentage of CD45-APC positive events (white blood cells) as compared with adult 

samples. Equivalent percentages of CD41-FITC positive events (platelets) were observed 

for neonatal and adult samples. 

 

Table 5.1 Percentage of events positive for CD41-FITC or CD45-APC of adult and neonate 

whole blood samples measured by fluorescence-activated cell sorting (FACS). 

Antibody Adult (%) Neonate (%) 

CD41-FITC 2.3 ± 1.07 2.9 ± 1.09 

CD45-APC 0.6 ± 0.14 2.0 ± 0.83* 

Unlabeled (RBCs) 97.1 ± 1.16 95.2 ± 1.90 

Data are represented as mean ± SEM, n ≥ 3; *denotes P < 0.05 with respect to adult samples 
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5.5.2 Measurement of neonatal platelet activation and secretion 

In order to evaluate platelet activation, a small-volume, whole blood, platelet activation 

assay was utilized to assess the binding of PAC-1-FITC (binds to activated GPIIb/IIIa) or 

CD62P-APC (P-selectin antibody) to adult or neonatal platelets in response to platelet 

agonists. We first used adult platelets in order to standardize our assays. Consistent with 

previous reports, adult platelets expressed significantly increased levels of P-selectin and 

activated GPIIb/IIIa in response to the GPCR-agonists TRAP-6, epinephrine, ADP (binds 

receptors P2Y1 and P2Y12), U46619 (TxA2 receptor agonist), a combination of ADP and 

U46619, the ITAM-mediated signaling pathway agonists CRP (GPVI ligand) or 

rhodocytin (CLEC-2 ligand), or a calcium ionophore (Figure 5.1G&H).  

 

We next investigated the responsiveness of neonatal platelets to platelet agonists. Our 

results show that neonatal platelets increased their expression of the active form of 

GPIIb/IIIa in response to ADP, U46619, the combination of ADP and U46619, 

epinephrine, CRP, rhodocytin, or a calcium ionophore (Figure 5.1G). However, the 

degree of GPIIb/IIIa activation was markedly blunted for neonatal platelets as compared 

to adult platelets at equimolar agonist concentrations, with neonatal platelets being 

unresponsive to stimulation with TRAP-6. 
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Figure 5.1 Adult and neonatal whole blood platelet activation. Representative flow cytometry 

forward and side scatter dot plots of a whole blood sample from an adult (A) and a neonate (B). 

Representative histograms of PAC-1-FITC (C and D) and CD62P-APC (E and F) fluorescence 

intensity of adult and neonatal whole blood treated with ADP + U46619 (10 µM; black line) or 

vehicle (gray line). Percent of platelets positive for PAC-1-FITC (G) and CD62P-APC (H) in 

response to TRAP-6 (10 µM), CRP (10 µg/mL), ADP (10 µM), U46619 (10 µM), ADP+U46619 

(10 µM), epinephrine (10 µM), calcium ionophore (10 µM), rhodocytin (300 nM), or vehicle 

treatment. Data are represented as mean ± SEM, n ≥ 3. *denotes P < 0.05 compared with vehicle 

treated samples. #denotes P < 0.05 compared with adult samples. 

 

We next examined the ability of agonists to induce neonatal platelet secretion, as 

measured by P-selectin expression. Our results show that the basal expression of P-

selectin was significantly higher for neonatal platelets as compared to adult platelets. The 

expression levels of neonatal platelet P-selectin significantly increased in response to 

ADP, U46619, the combination of ADP and U46619, and CRP (Figure 5.1H). Similar to 

the trend observed for GPIIb/IIIa activation, the increase in P-selectin expression was 
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markedly blunted for neonatal platelets as compared to adult platelets at equimolar 

agonist concentrations. Moreover, stimulation of neonatal platelets with TRAP-6, 

epinephrine, a calcium ionophore, or rhodocytin failed to increase the P-selectin 

expression levels above baseline. 

 

5.5.3 Quantification of neonatal platelet aggregation and agglutination 

We next employed a small-volume, whole blood, platelet aggregation and agglutination 

assay to measure and compare adult and neonatal platelet aggregation in response to 

GPCR- and ITAM-agonists. Two populations of platelets that had been labeled with a red 

or green fluorescent anti-CD31 antibody in whole blood were mixed together, and the 

degree of double-labeled events was quantified as a function of time following 

stimulation. Our results show that both adult and neonatal platelets aggregated in 

response to the GPCR-agonists TRAP-6, ADP, U46619, the combination of ADP and 

U46619, and the ITAM-signaling pathway agonist CRP (Figure 5.2). However, it is 

noteworthy that the degree of platelet aggregation, as measured by the percent of double-

labeled events and reported as fold-change relative to baseline, was dramatically reduced 

for neonatal samples as compared to adult samples for these agonists. Moreover, only 

adult platelets were observed to aggregate in response to either epinephrine or 

rhodocytin. In contrast, equivalent levels of adult and neonatal platelet agglutination were 

observed in response to ristocetin (Figure 5.2E). For both adult and neonatal samples, 

platelet aggregation in response to TRAP-6, CRP, and the combination of ADP and 

U46619 was eliminated in the presence of a GPIIb/IIIa-function blocking antibody, while 

an anti-GPIb blocking antibody blocked ristocetin-induced agglutination (Table 5.2). 



71 

 

 

Figure 5.2 Adult and neonatal whole blood platelet aggregation. Representative CD31-FITC 

and CD31-eFluor 450 dot plots of adult (A) and neonate (B) blood at t = 0 (left) and t = 1 min 

(right) after treatment with TRAP-6 (10 µM). Double-labeled events (platelet aggregates) are 

shown in the upper right quadrant. Representative graph of percent double-labeled events of adult 

(C) and neonate (D) platelets stimulated with TRAP-6 (10 µM) or vehicle at 0, 0.5, 1, 2, and 5 

min. (E) Fold change of percent double-labeled events normalized to vehicle treatment of adult 

and neonate blood stimulated with TRAP-6 (10 µM), CRP (10 µg/mL), epinephrine (10 µM), 

ADP (10 µM), U46619 (10 µM), ADP+U46619 (10 µM), rhodocytin (300 nM), calcium 

ionophore (10 µM), or ristocetin (1 mg/mL). Data are represented as mean ± SEM, n ≥ 3. 

*denotes P < 0.05 compared with vehicle treated samples. #denotes P < 0.05 compared with adult 

samples. 
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Table 5.2 Effect of GPIIb/IIIa and GPIb inhibition on adult and neonate platelet 

aggregation. 

Agonist Antagonist Adult Neonate 

TRAP-6 

vehicle 4.6 ± 1.55 1.9 ± 0.83** 

eptifibatide 0.8 ± 0.12* 0.6 ± 0.37* 

6D1 6.4 ± 3.71 2.3 ± 0.75** 

CRP 

vehicle 5.9 ± 1.08 2.0 ± 0.48** 

eptifibatide 2.2 ± 1.33* 0.7 ± 0.26*,** 

6D1 7.3 ± 3.86 3.4 ± 1.71** 

ADP + U46619 

vehicle 5.5 ± 0.99 3.8 ± 0.84** 

eptifibatide 3.1 ± 1.82* 0.8 ± 0.46*,** 

6D1 6.0 ± 1.76 5.4 ± 1.90 

Ristocetin 

vehicle 4.7 ± 0.74 3.3 ± 0.32 

eptifibatide 4.1 ± 1.36 4.5 ± 1.75 

6D1 1.3 ± 0.19* 2.3 ± 0.87*,** 

Blood samples were treated with agonists for 5 min at 37°C. Data are represented as mean fold 

change of percent double-labeled events normalized to vehicle ± SEM, n ≥ 3; *denotes P < 0.05 

with respect to vehicle; **denotes P < 0.05 with respect to adult samples. 

 

5.5.4 Measurement of neonatal platelet adhesion and aggregate formation under static 

conditions 

A small-volume, whole blood, static platelet adhesion and aggregation assay was 

developed to quantify neonatal platelet adhesion. Our results show that both adult and 

neonatal platelets bound to immobilized VWF (Figure 5.3A) or collagen (Figure 5.3B). 

When whole blood was treated with the agonists TRAP-6, ADP, U46619, the 

combination of ADP and U46619, CRP, or a calcium ionophore, both adult and neonatal 

platelets were observed to form aggregates on immobilized VWF and collagen, as 

observed by both DIC imaging (Figure 5.3A&B) and quantified as the volume per 

platelet aggregate (Figure 5.3C&D).  
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Figure 5.3 Adult and neonate platelet adhesion and aggregation under static conditions. 

Representative DIC images and corresponding fluorescent CD41a-PE and CD62P-FITC images 

of adult and neonate platelet aggregates formed on coverslips coated with 100 µg/mL VWF (A) 

or 100 µg/mL fibrillar collagen (B). Adult and neonate citrated whole blood were pretreated with 

vehicle, TRAP-6 (10 µM), CRP (10 µg/mL), ADP (10 µM), U46619 (10 µM), ADP+U46619 (10 

µM), epinephrine (10 µM), ristocetin (1 mg/mL), calcium ionophore (10 µM), or rhodocytin (300 

nM) for 10 min prior to coverslip incubation. Mean volume of adult and neonate platelet 

aggregates positive for CD62P-FITC formed on coverslips coated with VWF (C) or fibrillar 

collagen (D). Data are represented as mean ± SEM, n ≥ 3. *denotes P < 0.05 compared with 

vehicle treated samples. 
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Figure 5.4 Effect of GPIIb/IIIa and GPIb inhibition on adult and neonate platelet adhesion 

and aggregation under static conditions. Representative DIC images of adult and neonate 

platelet aggregates formed on coverslips coated with 100 µg/mL VWF (A) or 100 µg/mL fibrillar 

collagen (B). Adult and neonate citrated whole blood were incubated with a GPIIb/IIIa inhibitor 

(eptifibatide; 20 µg/mL), a GPIb function blocking antibody (6D1; 20 µg/mL), or vehicle for 10 

min at 25
o
C and then treated with TRAP-6 (10 µM), CRP (10 µg/mL), ADP+U46619 (10 µM), 

ristocetin (1 mg/mL), or vehicle for 10 min. Mean volume of adult and neonate platelet 

aggregates positive for CD62P-FITC formed on coverslips coated with VWF (C) or fibrillar 

collagen (D). Data are represented as mean ± SEM, n ≥ 3. *denotes P < 0.05 compared with 

vehicle treated samples. 
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Moreover, both adult and neonatal platelet aggregates were observed to increase their P-

selectin expression levels. Equivalent levels of platelet adhesion, P-selectin expression, 

and aggregate formation in response to either GPCR- or ITAM-signaling pathway 

agonists were observed for both adult and neonatal samples, with the exception of a 

reduction in neonatal platelet aggregation formation on collagen following stimulation 

with either epinephrine or CRP as compared to adult platelets. Both adult and neonatal 

platelet aggregate formation on VWF and collagen in response to TRAP-6, CRP, or the 

combination of ADP and U46619 was eliminated in the presence of a function-blocking 

anti-GPIIb/IIIa antibody, whereas the robust ristocetin-induced platelet agglutinate 

formation observed on VWF was eliminated by a GPIb-blocking antibody (Figure 5.4). 

 

5.5.5 Measurement of neonatal platelet aggregate formation under shear 

We next developed a small-volume assay to study and compare adult or neonatal platelet 

aggregate formation on collagen and VWF under both venous and arterial shear rates. We 

observed that both adult and neonatal platelets bound to and aggregated on VWF or 

collagen surfaces in a shear rate-dependent manner, with an increased degree of 

aggregate formation observed at the higher shear rate (Figure 5.5). Both the rate and 

extent of aggregate formation were equivalent for adult and neonatal samples. Adult and 

neonatal platelet aggregate formation on collagen was eliminated in the presence of a 

function-blocking anti-GPIIb/IIIa antibody, whereas a GPIb-blocking antibody 

eliminated platelet adhesion to VWF under shear (Figure 5.6). 
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Figure 5.5 Adult and neonatal platelet adhesion and aggregation under fluid shear 

conditions. (A) Representative DIC images and corresponding fluorescent CD41a-PE and 

CD62P-FITC images of adult and neonate platelet aggregates formed in a small volume flow 

chamber coated with 100 µg/mL VWF or 100 µg/mL fibrillar collagen at 200 or 1500 s
-1

 shear 

rate for 30 sec. The black arrow denotes direction of blood flow. Mean percent surface area 

coverage of a 140 × 105 µm field of view of adult and neonate platelet aggregates positive for 

CD41a-PE formed in flow chambers coated with VWF (B) or collagen (C). Data are represented 

as mean ± SEM, n ≥ 3. *denotes P < 0.05 compared with 200 s
-1

 shear rate. 
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Figure 5.6 Effect of GPIIb/IIIa and GPIb inhibition on adult and neonate platelet adhesion 

and aggregation under fluid shear conditions. (A) Representative DIC images of adult and 

neonate platelet aggregates formed in a small volume flow chamber coated with 100 µg/mL VWF 

or 100 µg/mL fibrillar collagen at 200 or 1500 s
-1

 shear rate for 30 sec. Adult and neonate citrated 

whole blood were incubated with a GPIIb/IIIa inhibitor (eptifibatide; 20 µg/mL), a GPIb function 

blocking antibody (6D1; 20 µg/mL), or vehicle for 10 min at 25
o
C prior to perfusion through flow 

chambers. Mean percent surface area coverage of a 140 × 105 µm field of view of adult and 

neonate platelet aggregates positive for CD41a-PE formed in flow chambers coated with VWF 

(B) or collagen (C). Data are represented as mean ± SEM, n ≥ 3. *denotes P < 0.05 compared 

with vehicle treated samples. 
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5.6 Discussion 

The hemostatic system is developmentally regulated, characterized by age-dependent 

qualitative and quantitative differences in both primary and secondary hemostasis. 

Determining the presence of an acquired or inherited coagulation defect in the neonatal 

population is dependent upon the availability of assays which can be carried out in 

patients with limited venous access and limited blood volume as well as the availability 

of reference values that accurately reflect the dynamic changes within this 

developmentally regulated system. This is particularly challenging when evaluating the 

primary hemostatic system. Available platelet function data have demonstrated that 

neonatal platelets obtained from cord blood are hypo-reactive compared to adult platelets 

when evaluating platelet response to agonists in terms of granule secretion, receptor 

conformational changes, intracellular calcium changes, and aggregation (Israels, Rand 

and Michelson 2003; Haley, Recht and McCarty 2014). However, primary hemostasis as 

measured by bleeding time and PFA-100 closure times is shortened in neonatal blood 

compared to adult blood (Israels et al. 2001). Further, healthy newborns do not have a 

primary hemostatic defect clinically. Our understanding of the functional phenotype of 

neonatal platelets and the implications of the differences from the functional phenotypes 

of adult platelets is limited by the lack of assays that can be utilized in the neonatal 

population. The challenges are at least three fold: 1) improved diagnostic tool(s) are 

needed to accurately determine the presence or absence of inherited or acquired primary 

hemostatic defects, 2) reference ranges for platelet function in neonates at various 

gestational ages must be established; and 3) understanding how normal neonatal platelet 
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function mediates primary hemostasis and how those differences can be capitalized upon 

to improve care in the neonatal population and beyond. 

 

In order to address these challenges, we developed four small-volume, whole blood, 

platelet function assays that can be applied to neonatal samples to assess platelet 

adhesion, activation, and aggregation. In total, the four assays require only 500 µL of 

whole blood, which can be safely obtained from even extremely low birth weight infants. 

Importantly, we ensured that our assays used whole blood in order to more closely mimic 

the interactions between each of the blood components that occur in vivo and minimize 

the handling and manipulation of the neonatal blood samples. Neonatal platelet activation 

and aggregation were evaluated with FACS-based methods and platelet adhesion and 

aggregation were visualized and quantified with static and flow chamber assays.  

 

Platelet activation results in granule secretion, which promotes primary hemostasis by 

activating nearby platelets and strengthening platelet adhesion. P-selectin expression is 

significantly enhanced when α-granules are released, making antibodies directed to P-

selectin valid markers for granule release and general platelet activation (Furie, Furie and 

Flaumenhaft 2001). Studies using flow cytometry analysis have reported that neonatal 

platelets from peripheral blood in the first days of life are hypo-responsive to ADP (binds 

the G-protein-coupled receptors P2Y1 and P2Y12), TRAP-6, which binds protease-

activated receptor 1 (PAR-1), CRP (GPVI ligand), and U46619 (TxA2 receptor agonist) 

(Kühne and Imbach 1998; Israels 2009; Schlegel et al. 2010; Strauss, Sidlik-Muskatel 

and Kenet 2011; Sola-Visner 2012), have reduced P-selectin expression following 
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agonist stimulation (Rajasekhar et al. 1994; Sitaru et al. 2005; Wasiluk et al. 2008), and 

have less α-granules (Saving, Mankin and Gorman 2002) relative to adult platelets. At 

24-hours of life, we determined that neonatal platelets expressed significantly less P-

selectin in response to both GPCR- and ITAM-signaling pathway agonists as compared 

to adult platelets. The lack of response to epinephrine may be explained by the reported 

decrease in α2-adrenergic receptors on neonatal platelets as compared to adults (Corby 

and O’Barr 1981). The fact that we did not observe platelet secretion in response to 

TRAP-6 is in line with previous studies demonstrating reduced calcium mobilization 

upon PAR-1 activation in neonatal platelets as compared to adults (Gelman et al. 1996). 

Along these lines, the lack of neonatal platelet P-selectin expression in response to 

calcium ionophore A23187 in our study further suggests reduced levels or mobilization 

of intracellular calcium in neonatal platelets as compared to adult platelets.  

 

Our study demonstrates that neonatal platelets expressed an increased baseline level of P-

selectin as compared to adult platelets, whereas neither adult nor neonatal platelets 

expressed the activated form of GPIIb/IIIa at rest. Along these lines, Schmugge et. al. 

reported that platelets from 2-3 day old neonates collected peripherally by dripping blood 

from the end of a needle into a tube were found to have increased P-selectin, annexin V, 

microparticles, and CD41 (inactive GPIIb/IIIa) levels, but not activated GPIIb/IIIa when 

compared with adult samples collected via venipuncture (Schmugge et al. 2003). They 

tested five adult samples collected with the same method used with neonates and found 

no difference in platelet baseline P-selectin expression levels compared with collection 

by venipuncture, suggesting that the different expression levels of P-selectin observed in 
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the neonatal samples were likely not due to a collection artifact. Future studies are 

required to understand the mechanisms by which P-selectin expression levels are 

developmentally regulated, and to understand whether this plays a physiological role in 

neonatal hemostasis. 

 

Upon platelet activation, GPIIb/IIIa is converted into its high-affinity state, which binds 

plasma fibrinogen to initiate platelet aggregation. It has been shown that neonatal and 

adult platelet baseline expression levels of GPIIb/IIIa are equivalent (Sitaru et al. 2005); 

however, neonatal platelets have been shown to have reduced PAC-1 binding (which 

only binds the active form of GPIIb/IIIa) following agonist stimulation relative to adult 

platelets (Rajasekhar et al. 1994; Sitaru et al. 2005; Wasiluk et al. 2008). Our data 

support this paradigm in that we found that neonatal platelets expressed less active 

GPIIb/IIIa in response to both GPCR- and ITAM-mediated agonists as compared to adult 

platelets. These results indicate that signaling pathways regulating GPIIb/IIIa activation 

may be differently regulated in neonatal platelets compared with adult platelets. 

Additionally, it has been previously reported that neonatal platelets from cord blood or 

peripheral blood have a reduced aggregation response compared to adult platelets (Uçar 

et al. 2005; Ferrer-Marin et al. 2011). Interestingly, while we observed a decrease in 

platelet aggregation for neonatal platelets relative to adult platelets in response to both 

GPCR- and ITAM-signaling pathway agonists, we did find that the extent of platelet 

agglutination in response to ristocetin was equivalent between neonatal and adult 

platelets. Ristocetin has been shown to bind plasma VWF and open the A1 loop, 

exposing the GPIbα binding site to initiate platelet agglutination (Sadler 2010). As 
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expected, we found that the inhibition of GPIb reduced adult and neonatal platelet 

agglutination or aggregate formation on VWF in response to ristocetin in a GPIIb/IIIa-

independent manner. Although neonatal platelet activation and aggregation are reduced 

relative to adults in vitro, full-term neonates do not clinically display a bleeding tendency 

(Sola-Visner 2012). This may be attributed in part to enhanced platelet/vessel wall 

interactions due to the presence of higher molecular weight VWF, higher concentrations 

of VWF, higher hematocrits, and higher red blood cell mean corpuscular volumes in 

neonates than older children and adults (Andrew, Paes and Johnston 1990; Israels et al. 

2001; Saxonhouse et al. 2010).  

 

New platelet function assays are needed to aid in the diagnosis of platelet dysfunction in 

the neonatal population, to guide treatment decisions in the event of clinically significant 

bleeding, as well as to understand the physiological differences between neonatal and 

adult platelets. Defining the functional phenotype of neonatal platelets may eventually 

provide guidance in diagnosing disease states in the neonatal population. Future work 

will assess differences in platelet function at varying gestational ages and in pre-term 

neonates.  
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Chapter 6: Role of Coagulation in the Recruitment of Colon 

Adenocarcinoma Cells to Thrombus under Shear 

 

Sandra M. Baker-Groberg, Asako Itakura, András Gruber, and Owen J. T. McCarty 

 

6.1 Abstract 

Colorectal cancer metastases can appear on the peritoneum and in lymph nodes, liver, 

and lungs, suggesting both hematogenous and lymphatic spreading of the primary tumor. 

While antithrombotic agents have been shown to reduce both long-term incidence and 

metastasis, the role of coagulation in facilitating metastasis is ill defined. We investigated 

the kinetics and molecular mechanisms of metastatic colon adenocarcinoma cell 

recruitment to thrombi under shear flow, ex vivo. Platelet aggregates were formed by 

perfusing citrated anticoagulated whole blood over immobilized fibrinogen or fibrillar 

collagen. Thrombi were formed by perfusing recalcified whole blood over fibrinogen or 

fibrillar collagen in the presence of coagulation. Cultured colon adenocarcinoma cells 

(SW620) were perfused either during or following platelet aggregate or thrombus 

formation. The degree of transient tumor cell interactions (recruitment, rolling, and 

release) and the number of firmly adhered tumor cells were quantified using fluorescence 

microscopy. Platelet aggregates and thrombi formed on both fibrinogen- or fibrillar-

collagen supported SW620 cell interactions and adhesion under shear. Thrombi or fibrin 

supported a greater degree of SW620 cell interactions and adhesion compared with 

platelet aggregates or fibrinogen, respectively, demonstrating that coagulation promoted 

SW620 cell recruitment under shear. Interestingly, in the absence of anticoagulation, we 

observed SW620 preferentially binding to thrombus-bound polymorphonuclear 
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leukocytes (PMNs). The addition of purified PMNs to thrombi resulted in a doubling of 

the number of interacting and bound SW620 cells. Since thrombi often accumulate and 

activate leukocytes, our findings suggest that leukocytes may play a role in localizing 

metastases to sites of thrombogenesis. 

 

6.2 Introduction 

The methods presented in Chapters 3-5 were developed to study primary and secondary 

hemostasis in healthy donors. However, thrombotic complications can occur in various 

pathological states, such as cancer. During cancer metastasis, tumor cells can traverse the 

vasculature and arrest at a distal site to form secondary tumors; however, the role of 

coagulation in cancer metastasis remains ill-defined. In this chapter, methods to 

investigate the interactions of metastatic colon adenocarcinoma cells with platelet 

aggregates and thrombi under fluid shear were developed. Here, results indicate that the 

activation of coagulation promotes metastatic cancer cell recruitment and adhesion under 

physiological fluid shear. Additionally, the presence of PMNs facilitated cancer cell 

adhesion to formed thrombi under shear.  

 

6.3 Background 

There is a clear association between cancer mortality and metastasis. Cancer metastasis 

involves the separation of cancer cells from a primary tumor, entrance of tumor cells into 

This work was originally published by the American Physiological Society 

American Journal of Physiology: Cell Physiology 2013; 

Volume 305, Number 9, Pages: C951-9 

Reprinted with permission 
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the blood or lymphatic circulation, adhesion to or entrapment at a distal site, and 

proliferation to form a secondary tumor (Konstantopoulos and Thomas 2009; Wirtz, 

Konstantopoulos and Searson 2011). Successful hematogenous metastasis would require 

tumor cells to survive in the blood environment and transit of large cells through small 

vessels that exposes tumor cells to shear forces, all of which could influence tumor cell 

survival, arrest, and extravasation (Felding-Habermann et al. 1996; Valastyan and 

Weinberg 2011). There has been considerable progress in decoding molecular features of 

cancer cells; however, the interactions between tumor cells and blood during transit 

through the vasculature remain ill defined. Local thrombotic blood vessel occlusions are 

commonly observed on histological evaluation of metastases (Trousseau 1865; O’Meara 

1958; O’Meara and Jackson 1958; Hiramoto, Yagi and Pressman 1959; Heisig 1967). 

The aim of this study was to investigate tumor cell recruitment and arrest to thrombi in 

the presence of coagulation under fluid shear. 

 

The key components of coagulation, platelet activation and fibrinogen, have been 

implicated in facilitating cancer metastasis (Gay and Felding-Habermann 2011). For 

decades, researchers examining tumor cell arrest in capillaries have observed close 

relationships between activated platelets and tumor cells.(Mannucci et al. 1989) In a 

pioneering experiment, Gasic et al. (Gasic, Gasic and Stewart 1968) demonstrated that 

thrombocytopenia inhibited metastasis, while platelet activation and infusion restored 

metastatic potential. More recently, researchers have found that growth factors produced 

by platelets promote growth of metastatic colon adenocarcinoma cells (Honn, Tang and 

Crissman 1992; Bockhorn, Jain and Munn 2007; Friedl and Alexander 2011; Labelle, 
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Begum and Hynes 2011). In addition to platelet interactions, elevated fibrinogen and 

soluble fibrin levels have been documented in the blood of many cancer patients 

(Luzzatto and Schafer 1990; Iversen and Thorlacius-Ussing 2003), and fibrinogen 

deficiency significantly reduced spontaneous metastases in mice (Palumbo et al. 2000, 

2002, 2005; Camerer et al. 2004). Intimate interactions among platelets, fibrinogen, and 

tumor cells have been observed in the lung vasculature of mice where tumor cells were 

densely coated with platelets and fibrin clots (Dardik et al. 1997; Borsig et al. 2001; 

Läubli et al. 2006; Icli et al. 2007). Platelet and fibrin adhesion to tumor cells may 

provide a protective barrier against immune defenses, in particular, defense against the 

cytotoxicity of natural killer cells (Honn, Tang and Crissman 1992; Nieswandt et al. 

1999). Other studies have suggested tumor cell arrest and formation of a secondary tumor 

are aided by platelets and fibrin clots providing a mechanism of adhesion and 

extravasation (Honn, Tang and Crissman 1992; Felding-Habermann et al. 1996; Dardik 

et al. 1997; McCarty et al. 2000; Bambace and Holmes 2011). However, experimental or 

clinical evidence for direct inhibition of the progression of metastatic cancer by 

antithrombotic therapy and consequential improvement in survival is limited, possibly in 

part because current antithrombotic prophylaxis carries bleeding risks that may 

counterbalance its benefits. 

 

Elevated levels of circulating leukocytes (leukocytosis) have frequently been observed in 

cancer patients (McKee 1985; Shoenfeld et al. 1986; Ascensao et al. 1987); however, 

how polymorphonuclear leukocytes (PMNs) directly influence cancer progression and 

metastasis remains unclear. PMNs have been shown to have a cytotoxic effect on tumor 
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cells (Di Carlo et al. 2001) by maintaining intimate contact with tumor cells and 

producing reactive oxygen species, membrane-perforating agents, and mediators of cell 

killing (Jadhav, Bochner and Konstantopoulos 2001). However, PMNs have also been 

shown to enhance cancer progression and metastasis (Aeed, Nakajima and Welch 1988; 

Welch et al. 1989). Studies have demonstrated that PMNs can arrest tumor cells in the 

microvasculature of organs (Orr and Mokashi 1985; Ishikawa et al. 1986) and facilitate 

their extravasation (Starkey et al. 1984; Wu et al. 2001). Other studies have shown a fluid 

shear dependence on the kinetics, dynamics, and molecular mechanisms of PMN-tumor 

cell adhesion and arrest (Kitayama et al. 2000; Jadhav, Bochner and Konstantopoulos 

2001; Jadhav and Konstantopoulos 2002; Hanley et al. 2003). These data support the 

notion that PMNs interact with tumor cells while traversing the vasculature and that this 

interaction may play a significant role in metastasis. 

 

Prior studies investigating tumor cell interactions with blood cells have largely been 

performed in purified systems (Dardik et al. 1997; McCarty et al. 2000; Haier and 

Nicolson 2001; Alves et al. 2008). We aimed to extend these studies to characterize 

tumor cell-blood cell interactions in the presence of coagulation ex vivo under venous 

shear rates. We found that thrombi supported tumor cell recruitment and adhesion under 

shear. Importantly, the presence of thrombus-bound PMNs significantly increased the 

degree of tumor cell adhesion and arrest, suggesting that thrombus-bound PMNs may 

recruit circulating tumor cells in vivo as well. 
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6.4 Materials and Methods 

6.4.1 SW620 cell culture 

SW620 colon adenocarcinoma cells from lymph node were cultured in Dulbecco's 

Modified Eagle Medium (DMEM; Invitrogen, Carlsbad, CA) with fetal bovine serum 

(FBS; 10% w/v; Invitrogen) and penicillin-streptomycin (10% w/v; Invitrogen). Cells 

were detached with TrypLE Select (Invitrogen) for 20 min at 37
o
C, pelleted at 150 g for 5 

min, resuspended to a concentration of 1x10
6
 cells/mL

 
in serum-free DMEM with Cell 

Tracker Orange 5-(and-6)-(((4-Chloromethyl)Benzoyl)Amino)Tetramethylrhodamine 

(CMTMR; 1 μM; 30 min at 37
o
C; Invitrogen), pelleted at 150 g for 5 min to remove 

excess dye, and resuspended in serum-free DMEM. 

 

6.4.2 Whole blood collection and capillary tube preparation 

Venous blood was collected into NaCit, as described in Chapter 2. Glass rectangular 

capillary vitrotubes (0.4 × 4.0 × 50 mm) were coated with either fibrillar collagen (100 

µg/mL) or FG (50 µg/mL), as described in Chapter 2. 

 

6.4.3 Polymorphonuclear leukocyte (PMN) purification 

Human venous blood was collected from healthy volunteers into citrate phosphate 

dextrose (7:1 v/v) and PMNs were purified as described previously (Itakura and McCarty 

2013). Purified PMNs were incubated with Cell Tracker Blue 7-Amino-4-

Chloromethylcoumarin (CMAC; 1 μM; 30 min at 37
o
C; Invitrogen) at a concentration of 

1x10
6
 PMNs/mL, pelleted at 400 g for 10 min, and resuspended in PMN leukocyte 

buffer. 
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6.4.4 SW620 cell perfusion experiments 

NaCit-anticoagulated blood was perfused through fibrillar collagen- or fibrinogen-coated 

vitrotubes for 5 min at a shear rate of 265 s
−1

 to form platelet aggregates. To form 

thrombi and allow for activation of the coagulation cascade, citrated blood was mixed 

with calcium flow buffer, as described in Chapter 2. In selected experiments, calcium 

flow buffer supplemented with 50 pM TF, as previously described (Berny et al. 2010), 

was mixed with purified pooled plasma from three separate donors before perfusion 

through fibrinogen-coated vitrotubes. Subsequently SW620 cells at 1 × 10
6
 cells/mL 

were perfused at 25, 35, 75, 100, or 150 s
−1

 shear rate for 1 min over a surface of BSA, 

fibrin(ogen), or the formed platelet aggregates or thrombi. The number of transiently 

interacting cells (recruitment, rolling, and release) or firmly adhered cells was quantified 

through fluorescent video capture with SlideBook 5.5 software (×20 magnification). 

 

In some experiments, citrated anticoagulated blood was incubated with fluorescent 

CMTMR SW620 cells at 1 × 10
6
 cells/mL for 5 min, followed by perfusion over fibrillar 

collagen- or fibrinogen-coated vitrotubes for 5 min at a shear rate of 25, 35, 75, 100, or 

150 s
−1

 to form platelet aggregates. The rates of transiently interacting cells or firmly 

adhered cells were quantified using fluorescent video capture. In selected experiments, 

citrated anticoagulated blood was treated with a coagulation factor Xa inhibitor 

(rivaroxaban; 10 μM; Bayer Healthcare, Leverkusen, Germany), a thrombin inhibitor 

(hirudin; 20 μg/mL; CIBA-Geigy Pharmaceuticals, Horsham, West Sussex, United 

Kingdom), or a coagulation factor XIIa inhibitor [corn trypsin inhibitor (CTI); 20 μg/mL; 

Enzyme Research Laboratories, South Bend, IN] for 10 min before recalcification. 
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6.4.5 PMN-SW620 cell flow perfusion 

Platelet aggregates or thrombi were formed at 265 s
-1

 over a fibrinogen-coated surface, 

followed by the perfusion of purified fluorescent CMAC PMNs (1x10
6
 PMNs/mL) for 1 

min at the same shear rate. SW620 cells were then perfused over the formed aggregates 

or thrombi with PMNs at 25, 35, 75, 100, or 150 s
-1

 for 1 min. Cell interaction rates were 

quantified through fluorescent video capture. 

 

6.5 Results 

6.5.1 SW620 cells interact with aggregates and thrombi in a shear dependent manner 

Initial experiments were designed to analyze the rate of tumor cell interactions 

(recruitment, rolling, and release or firm adhesion) with platelets and thrombi under flow. 

Tumor cells were perfused in a parallel plate flow chamber either during or following 

platelet aggregate of thrombus formation. Platelet aggregates were formed by perfusing 

citrated whole blood over surfaces of fibrinogen or fibrillar collagen. Thrombi were 

formed by coperfusing calcium flow buffer with citrated anticoagulated whole blood over 

surfaces of fibrinogen or fibrillar collagen. Recalcification with calcium flow buffer 

allows the coagulation cascade to be triggered to generate thrombin and fibrin formation 

(termed thrombi). Fluorescent CMTMR SW620 cells were perfused either during or 

following platelet aggregate or thrombus formation at shear rates ranging from 25 to 150 

s
−1

 (Figure 6.1, A–D). Transiently interacting and firmly adherent cells were defined as 

SW620 cells that were recruited and either released in < 60 s or remained bound for > 60 

s, respectively.  
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Figure 6.1 Recruitment of SW620 adenocarcinoma cells to thrombi under shear. 

Fluorescently labeled SW620 cells were perfused at shear rates ranging from 25 to 150 s
−1

 during 

or following platelet aggregate or thrombus formation. Platelet aggregates were formed by 

perfusing citrated anticoagulated blood over fibrinogen- or fibrillar collagen-coated surfaces. 

Thrombi were formed by perfusing blood with calcium flow buffer over surfaces of fibrinogen or 

fibrillar collagen. A: representative ×40 DIC image of SW620 cells [phase bright object in region 

of interest (ROI) outlined by the black box] adherent to thrombi formed on a fibrinogen-coated 

surface. Flow is from left to right, as denoted by the black arrow. B: ROI of thrombus before 

tumor cell adhesion. C: ROI following the arrest of a SW620 cell. D: corresponding fluorescent 

image of C, showing a fluorescently-labeled SW620 cell. Rates of transiently interacting and 

adhering SW620 cells were quantified using fluorescent video capture. All scale bars are 10 μm. 

 

Transiently interacting and firmly adherent SW620 cells on platelet aggregates or 

thrombi were highly dependent on shear rate (Figure 6.2). A maximal rate of SW620 cell 

recruitment and adhesion to platelet aggregates or thrombi was observed at 25 s
−1

, while 

no interactions were observed > 100 s
−1

.  
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Figure 6.2 SW620 adenocarcinoma cells interact with platelet aggregates and thrombi in a 

shear-dependent manner. For tumor cell adhesion experiments following platelet aggregation or 

thrombus formation, platelet aggregates or thrombi were formed over a fibrinogen- (left) or 

fibrillar collagen-coated surface (right) at 265 s
−1

. Fluorescent SW620 cells (1 × 10
6
 cells/ml) 

were perfused over platelet aggregates or thrombi at shear rates of 25, 35, 75, 100, or 150 s
−1

. To 

study tumor cell adhesion during platelet aggregation or thrombus formation, fluorescent SW620 

cells were added to whole blood and perfused over fibrinogen- or fibrillar collagen-coated surface 

at 25, 35, 75, 100, or 150 s
−1

. Rates of transiently interacting (recruitment, rolling, and release) 

and firmly adhered cells were quantified using fluorescent video capture. Data are represented as 

means ± SEM of 3 individual experiments. 

 

Total interacting cells were calculated by adding the rates of transiently interacting and 

firmly adherent cells. As shown in Figure 6.3, A and B, on a fibrinogen surface, the rate 

of total interacting SW620 cells with thrombi was nearly double compared with the rate 

of total interacting SW620 cells with platelet aggregates at 25 s
−1

, regardless of whether 

SW620 cells were perfused with the blood or following aggregate or thrombus formation. 

An equivalent rate of total interacting SW620 cells with platelet aggregates or thrombi 

formed on collagen was observed at 25 s
−1

; however, thrombi formed on collagen 

supported a significantly greater degree of SW620 cell interactions at both 35 and 75 s
−1

 

compared with platelet aggregates when SW620 cells were perfused following aggregate 

or thrombus formation (Figure 6.3, A and B).  
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Figure 6.3 Cumulative rate of SW620 adenocarcinoma cell interactions with thrombi and 

platelet aggregates. Total rates of interacting SW620 cells (summation of transiently interacting 

and firmly adherent) for each shear rate for tumor cell adhesion experiments (A) following or (B) 

during platelet aggregation or thrombus generation. C: total rates of interacting SW620 cells 

across all shear rates were calculated for tumor cell adhesion experiments following or during 

platelet aggregation or thrombus formation. Data are represented as means ± SEM of 3 individual 

experiments. *P < 0.05 for thrombi compared with platelet aggregates. #P < 0.05 for following 

blood perfusion experiments compared with during blood perfusion experiments. 

 

To compare the extent of SW620 cell interactions with platelet aggregates and thrombi 

under shear, we calculated the total rate of interacting cells by cumulating the transiently 

interacting and firmly adherent across all shear rates. When SW620 cells were perfused 

over platelet aggregates or thrombi, the presence of coagulation significantly increased 

the total level of cell interactions for both fibrinogen and collagen surfaces (Figure 6.3C). 

Under these conditions, platelet aggregates or thrombi formed on collagen surfaces 

supported increased levels of total interactions compared with fibrinogen (Figure 6.3C). 
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Previous studies have demonstrated that the conversion of fibrinogen to fibrin enhanced 

tumor cell recruitment under flow in a purified system (Alves et al. 2009). We next 

designed experiments to compare the recruitment of SW620 cells to a surface of fibrin or 

fibrinogen. Perfusion of SW620 cells over fibrinogen surfaces resulted in a mean 

interaction rate of 65 cells/mm
2
, while recruitment rates of SW620 cells over the fibrin 

surface resulted in a significantly greater mean adhesion rate of 228 cells/mm
2
 (Figure 

6.4). In contrast, SW620 cells failed to bind to a surface of BSA (Figure 6.4). 

 

Figure 6.4 Fibrin surfaces increase SW620 adenocarcinoma cell transient interactions and 

adhesion rates. Fluorescent SW620 cells were perfused over a BSA, fibrinogen, or fibrin surface 

at 25, 35, 75, 100, or 150 s
−1

. In selected experiments, purified pooled plasma from 3 donors was 

coperfused with calcium flow buffer supplemented with 50 pM tissue factor at 265 s
−1

 over a 

fibrinogen-coated surface to generate fibrin. A: rates of transiently interacting (recruitment, 

rolling, and release) and firmly adhered cells were quantified using fluorescent video capture. 

Solid lines indicate transient interactions and dashed lines represent firm adhesion. B: total rates 

of interacting SW620 cells across all shear rates were calculated for BSA, fibrinogen, and fibrin 

coated surfaces. Data are represented as means ± SEM of 3 individual experiments. *P < 0.05 for 

fibrin compared with fibrinogen. 
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6.5.2 Role of coagulation factors in SW620 cell recruitment and adhesion to thrombi 

under shear 

Subsequent experiments focused on defining the role of the contact activation pathway of 

blood coagulation in SW620 cell recruitment and adhesion to thrombi under shear. When 

recalcified blood was pretreated with a thrombin inhibitor (hirudin), a factor Xa (FXa) 

inhibitor (rivaroxaban), or a factor XIIa (FXIIa) inhibitor (CTI) before perfusion over 

fibrinogen or collagen, the rate of SW620 recruitment and adhesion was significantly 

reduced (Figure 6.5).  

 

Figure 6.5 Coagulation inhibitors decrease SW620 adenocarcinoma cell transient 

interactions and adhesion rate to thrombi under shear. Sodium citrated anticoagulated human 

whole blood was incubated with a thrombin inhibitor (hirudin; 20 μg/mL), a coagulation factor 

Xa inhibitor (rivaroxaban; 10 μM), or a coagulation factor XIIa inhibitor (corn trypsin inhibitor, 

CTI; 20 μg/mL) for 10 min at 25°C. Blood was then perfused over a fibrinogen- (left) or fibrillar 

collagen-coated surface (right) at 265 s
−1

 (−Calcium). In selected experiments, whole blood was 

co-perfused with calcium flow buffer (+Calcium). Fluorescent SW620 cells were perfused over 

formed platelet aggregates or thrombi at 25, 35, 75, or 100 s
−1

. Rates of transiently interacting 

(recruitment, rolling, and release) and firmly adhered cells were quantified using fluorescent 

video capture. Solid lines indicate inhibitor-treated blood. Dashed lines are vehicle-treated blood. 

Data are represented as means ± SEM of 3 individual experiments. 
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Moreover, hirudin, rivaroxaban, or CTI reduced the total rate of interacting SW620 cells 

with thrombi to the levels observed on platelet aggregates in the absence of coagulation 

(Figure 6.6). Taken together, our data demonstrate a critical role for coagulation 

activation in potentiating tumor cell recruitment to thrombi under shear. 

 

Figure 6.6 Role of coagulation factor X and thrombin in SW620 cell recruitment to 

thrombus under shear. Citrated anticoagulated blood was incubated with a thrombin inhibitor 

(hirudin; 20 μg/mL), a coagulation factor Xa inhibitor (rivaroxaban; 10 μM), or a coagulation 

factor XIIa inhibitor [corn trypsin inhibitor (CTI); 20 μg/mL]. Blood was perfused over a 

fibrinogen (A)- or fibrillar collagen (B)-coated surface (−Calcium). In selected experiments, 

whole blood was coperfused with calcium flow buffer (+Calcium). Fluorescent SW620 cells were 

then perfused and the total rates of interacting SW620 cells across all shear rates were calculated 

for each treatment. Data are represented as means ± SEM of 3 individual experiments. *P < 0.05 

for coagulation inhibitor treatment compared with vehicle. 

 

6.5.3 PMNs increase the rate of SW620 cell interactions to aggregates and thrombi 

under shear 

Our next set of experiments was designed to determine whether thrombus-bound PMNs 

played a role in tumor cell recruitment and adhesion under shear. SW620 cells tethered to 

and adhered downstream of thrombus-bound PMNs (Figure 6.7A). The presence of 

thrombus-bound PMNs significantly increased the rate of SW620 transient interactions 

and firm adhesion (Figure 6.7B and C). The total interaction rates of SW620 cells with 

thrombi increased from 169 ± 16 cells/mm
2
/min to 303 ± 31 cells/mm

2
/min at 25 s

-1
 in 

the presence of thrombus-bound PMNs (Figure 6.7D). 
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Figure 6.7 Polymorphonuclear leukocytes (PMNs) increase rate of SW620 adenocarcinoma 

cell recruitment to formed platelet aggregates or thrombi under shear. Platelet aggregates or 

thrombi were formed at 265 s
−1

 for 5 min over a fibrinogen-coated surface. Purified PMNs were 

fluorescently labeled with a dye (blue) that was spectrally distinct from the fluorescent dye used 

for SW620 cells (red). Fluorescently labeled PMNs were perfused over formed platelet 

aggregates or thrombi (1 × 10
6
 PMNs/ml) at 265 s

−1
 for 1 min before perfusion of fluorescent 

SW620 cells at 25, 35, 75, 100, or 150 s
−1

. The rates of transiently interacting (recruitment, 

rolling, and release) and firmly adhered SW620 cells were quantified using fluorescent video 

capture. A: representative ×40 DIC time-lapse images of PMNs recruiting SW620 cells to formed 

thrombi on a fibrinogen-coated surface. White arrows indicate adhered PMNs. Black arrows 

indicate SW620 cells. B: representative ×20 fluorescent image of a fluorescently labeled SW620 

cell (red) adhering to a PMN (blue). Scale bar = 10 μm. C: rates of transiently interacting and 

firmly adhered SW620 cells to platelet aggregates (left) or thrombi (right) with or without PMNs 

(solid and dashed lines, respectively). D: total rate of interacting SW620 cells to platelet 

aggregates or thrombi in the absence or presence of PMNs for each shear rate. Data are 

represented as means ± SEM of 3 individual experiments. *P < 0.05 compared with the absence 

of PMNs. 
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6.6 Discussion 

The main findings of this study are the following: 1) colon adenocarcinoma cells bind 

thrombi in a shear-dependent manner; 2) tumor cells interact with thrombi in a thrombin- 

and FXa-dependent manner; and 3) PMNs promote SW620 cell recruitment and adhesion 

to thrombi under shear. 

 

6.6.1 SW620 cells interact with thrombi in a shear-dependent manner 

Previous studies using purified systems have demonstrated the shear rate dependence of 

tumor cell-platelet interactions. In the present work, we found that tumor cell-thrombus 

interactions in the presence of coagulation decreased as shear rates increased from 25 to 

75 s
−1

. These shear rates coincide with the blood shear rates found in capillary beds (∼32 

to 43 s
−1

 reported for the human and mouse capillary bed, respectively) (Mayrovitz 1992; 

Cortinovis et al. 2006) and postcapillary venules (∼35 to 560 s
−1

) (Lawrence et al. 1990; 

Honn, Tang and Crissman 1992). Tumor cell arrest has been observed in vivo in both 

capillary beds (Chambers, Groom and MacDonald 2002; Mook et al. 2003; Enns et al. 

2005) and postcapillary venules (Kong et al. 1996; Machan et al. 2012). Tumor cell 

arrest in capillaries has been hypothesized to be a passive process, wherein circulating 

tumor cells, which range in size from 9 to 12 μm in diameter in patient samples (Phillips 

and McCarty 2012; Phillips et al. 2012), are physically trapped in small capillaries, which 

range in size from 5 to 10 μm in diameter and number in the billions in the human body 

(Middelbeek et al. 2012). The SW620 cells used in this study ranged in size from 8 to 12 

μm (Figures 6.1 and 6.2, A and B), which coincides with the sizes of circulating tumor 

cells trapped in vivo. For circulating tumor cells that make it through the metarterioles 
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and arteriovenous bypasses that regulate tissue perfusion, they next enter venules and 

veins. This vessel expansion through the postcapillary venules creates a reduction in 

blood velocity and an increase in pressure, which can result in small turbulent eddies at 

the edges of the expanding vessel (Pandhare and S.S.Jadhav 2009). Areas of turbulence 

or stagnant flow in the postcapillary venules may provide favorable conditions for tumor 

cell arrest in the vasculature during metastasis through both passive and active 

mechanisms (Thamilselvan et al. 2004). 

 

We found that SW620 cell recruitment to thrombi formed on fibrillar collagen was 

significantly greater than the extent of recruitment to thrombi formed on fibrinogen. 

Fibrillar collagen is a potent platelet agonist and supports platelet recruitment, activation, 

and aggregate formation under high shear (Clemetson and Clemetson 2001). In parallel, 

collagen also activates FXII, initiating thrombin generation and fibrin formation (White-

Adams et al. 2010). The discrete fibrillar nature of collagen results in three-dimensional 

thrombus formation being localized along the collagen fibers in the direction of shear 

flow (Baker, Phillips and McCarty 2012). In contrast, only a single layer of platelets 

forms on fibrinogen under shear, resulting in a “two-dimensional” platelet-rich thrombus 

forming in the presence of coagulation. The results indicate that thrombus formation on 

collagen creates a structure that is both physically and biochemically more active for 

tumor cell recruitment, ex vivo. Further, our results demonstrating that fibrin formed in 

plasma enhanced SW620 cells recruitment compared with fibrinogen support the notion 

that the conversion of fibrinogen to fibrin potentiates this receptor-ligand interaction 

(McCarty et al. 2002; Alves et al. 2008, 2009). 
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6.6.2 Role of thrombin and FXa in SW620 cell-thrombi interactions 

Coagulation is triggered by the exposure of blood to ECM proteins and localized to the 

surface of activated platelets. The intrinsic and extrinsic pathways of coagulation 

converge to activate FX to FXa, which in turn activates prothrombin to generate 

thrombin, which in turn activates platelets and coagulation factors, cleaves fibrinogen to 

fibrin resulting in the formation of a thrombus or a hemostatic plug. Coagulation 

proteases, such as FXa and thrombin, have been shown to directly regulate cancer cell 

growth and motility (Huang, Li and Karpatkin 2000; Sampson and Kakkar 2002). 

Moreover, circumstantial evidence suggests that FXa and thrombin may support cancer 

metastasis via direct or indirect mechanisms (Tuszynski, Gasic and Gasic 1987; Donnelly 

et al. 1998; Nierodzik and Karpatkin 2006). For instance, studies have shown that 

targeting FXa with low-molecular weight heparin increases cancer survival (Altinbas et 

al. 2004; Klerk et al. 2005; Icli et al. 2007; Borensztajn, Peppelenbosch and Spek 2008). 

We show that inhibition of either FXa or thrombin significantly reduced the degree of 

SW620 cell recruitment to thrombi under shear, highlighting a role for these coagulation 

factors in promoting tumor cell-thrombus interactions. If thrombi that recruited tumor 

cells provide an environment that is favorable for survival and proliferation of circulating 

cancer cells, inhibition of thrombin generation could indeed provide anti-metastatic 

effects and survival benefit in patients. 

 

6.6.3 PMNs promote SW620 cell adhesion and arrest to thrombi under shear 

Numerous studies have reported a link between inflammation and cancer metastasis 

(Coussens and Werb 2002; Lin and Karin 2007; Mantovani et al. 2008; Grivennikov, 
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Greten and Karin 2010). It has been previously demonstrated that PMNs are capable of 

binding tumor cells in a shear-dependent manner in purified systems (Jadhav and 

Konstantopoulos 2002). It is also known that PMNs are often associated with and 

incorporated into developing thrombi (Gruber et al. 2007). Here we show that thrombus-

bound PMNs promoted tumor cell recruitment and adhesion from blood under shear, ex 

vivo. In the vasculature, PMNs are recruited to the endothelium of inflamed postcapillary 

venules in a series of steps involving PMN capture, activation and rolling, firm adhesion, 

and migration. Studies also show that PMNs are recruited to experimental thrombi at sites 

of endothelial injury. Predominantly observed in the venous circulation, intravascular 

leukocyte migration within a thrombus has been shown to guide leukocytes toward a site 

of vascular injury (Ghasemzadeh et al. 2013). Our findings suggest that thrombus-bound 

PMNs may augment the recruitment of circulating tumor cells in vivo. This, in theory, 

could contribute to the seeding and proliferation of circulating cancer cells and accelerate 

the progression of metastatic cancer. Thrombus-associated leukocyte accumulation and 

tumor cell recruitment thus could provide a rationale for antithrombotic prophylaxis of 

cancer patients. However, it remains to be determined if the leukocyte-recruited cancer 

cell is in a microenvironment that favors proliferation.  
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Chapter 7: Conclusions and Future Directions  

 

7.1 Summary 

The techniques presented in Chapters 3-6 were developed to aid in characterizing primary 

and secondary hemostasis under static and fluid shear conditions, including assessing 

platelet function in the neonatal population and the role of coagulation in cancer 

metastasis. Use of the developed methodologies revealed the following main findings: 

activation of the coagulation cascade restricts thrombus growth formed under high 

physiologic arterial shear rates (Chapter 3); fibrin formation increases the density of 

thrombi while volume remains constant (Chapter 3); under static conditions, platelets 

form aggregates in a platelet concentration-dependent manner via GPIIb/IIIa (Chapter 4); 

in response to platelet GPCR and ITAM-signaling pathway agonists, neonate platelets 

have reduced activation compared with adult platelets (Chapter 5); under conditions of 

shear, neonatal platelets aggregate in a GPIIb/IIIa-dependent manner (Chapter 5); the 

presence of coagulation promotes metastatic colon adenocarcinoma cell adhesion to 

thrombi under shear (Chapter 6); and the addition of PMNs facilitates cancer cell 

recruitment to thrombi under venous shear rates (Chapter 6). The metrological techniques 

presented in this dissertation may be useful in future studies assessing platelet function 

and coagulation, evaluating efficacy of novel antithrombotic therapeutics, and 

investigating the biophysical properties of cellular specimens.  

 

The following section discusses future methods that will be developed to extend the work 

presented in this dissertation.  
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7.2 Development of Microfluidic Device for Assessing Neonatal Platelet Function 

The small volume assays presented in Chapter 5 of this dissertation utilize a total of 500 

µL of anticoagulated whole blood to assess neonatal platelet adhesion and aggregation 

under static and fluid shear conditions. However, with recent advances in microfluidic 

technology, it is now possible to develop a “lab-on-a-chip” device that requires only 

microliter or nanoliter quantities of blood. We aim to develop a microfluidic device that 

would only require 1 µL or less of citrated whole blood to assess neonatal primary 

hemostasis. By reducing the sample volume to 1 µL, sample collection could be 

performed via finger prick without the need of a trained phlebotomist for routine use in 

clinics, emergency rooms, or homes. It has been reported that utilizing the electrical 

impedance of clotting blood or platelet aggregation is one of the best methods for 

assessing whole blood hemostasis (Blair et al. 1987). The proposed device will use 

electrical impedance monitoring for assessing neonatal platelet aggregation and will be 

rapid, easy to use, and amenable for use in a clinical setting. 

 

Lei et. al. have recently developed an electrical impedance microfluidic device for 

monitoring whole blood coagulation (Lei et al. 2013). We aim to adapt their device for 

use in evaluating whole blood neonatal platelet aggregation. The microfluidic device will 

be made out of polydimethylsiloxane (PDMS; Sylgard® 184; Dow corning, Midland, 

MI) and have a pair of electrodes incorporated into the bottom of the PDMS wells on a 

glass substrate. A titanium/aluminum (Ti/Al) metal alloy will be added to a glass 

substrate via metal deposition and a photoresist (PR) mask will be added to the metal 

surface via spin-coating and photolithography. The metal will be etched around the PR 
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mask to form the electrodes. Polymethylmethacrylate (PMMA) will be micro-machined 

into a mold of the microfluidic wells. Liquid PDMS will be added to the mold and 

allowed to solidify, after which it will removed and bonded to the glass electrodes via 

oxygen plasma treatment. The proposed steps in fabricating the microfluidic device are 

shown in Figure 7.1.  

 

Figure 7.1 Example steps in fabrication of the electrode microfluidic device. (a) Electrode 

fabrication on a glass surface. Metal will be deposited onto a glass substrate. A photoresist (PR) 

mask will be added to the metal surface via spin-coating and photolithography. The metal will be 

etched to form the electrodes. (b) A PMMA mold will be made, PDMS will be poured around the 

mold and allowed to solidify, and the PDMS will then be removed. (c) The PDMS wells will be 

plasma bonded to the glass with electrodes to form the final electrode microfluidic device. Figure 

is adapted from ©Lei et. al., 2013, originally published in PLoS One (Lei et al. 2013). 

 

The device will contain multiple wells to allow for testing of several blood samples with 

only one device. The device will be housed inside a temperature controller incubator set 

at 37
o
C and the electrodes at the bottom of the wells will be attached to an impedance 

analyzer (VersaSTAT 4, Ametek, Beaverton, OR), as shown in Figure 7.2 (Lei et al. 

2013). The wells will be pretreated with denatured BSA (5 mg/mL; Sigma-Aldrich) for 1 

hr at 25
o
C prior to use. Citrated whole blood will be pipetted into each well and the 



105 

 

impedance of the sample will be measured after the addition of the agonists TRAP-6 (10 

µM; Tocris Bioscience), ADP (10 µM; Sigma-Aldrich), U46619 (10 µM; Tocris 

Bioscience), CRP (10 µg/mL; kind gift from Dr. Richard Farndale), epinephrine (10 µM; 

Chrono-Log), rhodocytin (300 nM; kindly provided by Dr. Johannes Eble), calcium 

ionophore A23187 (10 µM; Sigma-Aldrich), ristocetin (1 mg/mL; Chrono-Log), or 

vehicle to the blood to initiate platelet aggregation. 

 

Figure 7.2 Assembled electrode microfluidic device. (a) The electrode microfluidic device will 

be housed in a temperature controlled incubator set at 37
o
C and will be connected to an electrical 

impedance analyzer. (b) Photo of the electrode microfluidic device loaded with a sample of whole 

blood. Figure is adapted from ©Lei et. al., 2013, originally published in PLoS One (Lei et al. 

2013). 
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Previous studies have modeled the electrical impedance of whole blood clotting (Zhao, 

Jacobson and Ribbe 1993). We will adapt the model developed by Lei et. al. to measure 

the electrical impedance of whole blood platelet aggregation in the device well (Lei et al. 

2013). An example electrical impedance model in the device and a representative trace of 

the impedance of whole blood clotting is shown in Figure 7.3. 

 

Figure 7.3 Impedance of whole blood coagulation. Whole blood is added to the PDMS wells 

and the addition of calcium initiates coagulation. The plasma resistance is RP, the RBC resistance 

is Ri, the RBC capacitance is Cm, the double layer capacitance between the electrode and the 

electrolyte is CDL. A representative impedance trace of whole blood clotting is shown. Figure is 

adapted from ©Lei et. al., 2013, originally published in PLoS One (Lei et al. 2013). 
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Initially we will use adult blood in the electrode microfluidic device to calibrate the 

impedance system. If adult platelet aggregation is not measurable for the device under 

resting (static) conditions, the device will be placed in a shaker plate (BioShake iQ, 

Quantifoil Instruments GmbH) and rotated at 1000 rpm to augment platelet-platelet 

interactions and aggregate formation. Once the impedance analyzer can correctly trace 

platelet aggregation of adult blood, we will test blood that has been incubated with 

inhibitors of GPIIb/IIIa (eptifibatide; 20 µg/mL; Millennium Pharmaceuticals) or GPIb 

(6D1; 20 µg/mL; kindly provided by Dr. Barry Coller) for 20 min at 25
o
C prior to agonist 

treatment to determine whether the device is sensitive enough to measure platelet 

dysfunction. After the device is calibrated with adult blood, we will then test neonate 

whole blood collected via heel stick at 24 hrs of life into 3.8% sodium citrate. The 

developed electrode microfluidic device will be useful in studying neonatal primary 

hemostasis and could be adapted for use with portable electronic devices for point-of-care 

use in clinics, emergency rooms, or homes (Spence 2002). 

 

7.3 Development of a Multi-Photon Microscopy System for Measuring the Physical 

Biology of Angiogenesis In Vivo 

Angiogenesis, which is the process of new blood vessel growth, plays a key role in tissue 

development, wound repair, and various pathological states, such as inflammatory, 

malignant, and immune disorders. While the signaling pathways governing the process of 

angiogenesis in response to biochemical agents are well characterized, less is known 

about the role of mechanical cues in angiogenesis. In vivo assays are useful in 

angiogenesis research because they mimic angiogenesis in normal and pathological 



108 

 

states, which is extremely important for evaluating efficacy of agents during drug 

development. However, the inability to quantify mechanics of cells in in vivo 

angiogenesis systems has limited their use in cell mechanobiology research. This study 

aims to utilize the well characterized chicken chorioallantoic membrane (CAM) in vivo 

angiogenesis assay and fluorescent polylactic acid (PLA) scaffolds with known elastic 

properties in conjunction with multi-photon imaging to quantify the mechanics of 

migrating angiogenic endothelial cells. 

 

The initial stages of this study will consist of designing and building a multi-photon 

microscopy system. Multi-photon fluorescence imaging utilizes pulsed long wavelength 

(near-infrared) light to excite fluorophores in a specimen. The fluorophore absorbs the 

combined energy from two or three low energy, long wavelength photons to emit a 

photon of shorter wavelength (Zipfel, Williams and Webb 2003). Long wavelength light 

penetrates deep into tissues (~1 mm) with minimal damage to cells due to its inherent low 

energy. Additionally, multi-photon imaging has no absorption (photobleaching) out of the 

focal plane to allow for 3D optical sectioning, making it ideal for long term in vivo 

imaging (Horton et al. 2013). Typically, multi-photon microscopy utilizes raster scanning 

with scanning mirrors (SMs) to move the focused laser beam across the specimen and the 

emitted fluorescence is collected with a photomultiplier tube (PMT) to generate images. 

The multi-photon microscopy setup for this study will include a pulsed near-infrared (IR) 

laser that will need to be properly aligned and routed to pass by a series of lens, SMs, a 

dichroic mirror, a microscope objective, and a PMT. A schematic of the proposed multi-

photon microscopy system is shown in Figure 7.4. 
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Figure 7.4 Schematic of a multi-photon microscopy system. Typically for multi-photon 

microscopy, a pulsed near-IR laser (700 – 1,300 nm) is used in conjunction with SMs, lens (L), 

and a dichroic mirror (D) to image a specimen and collect the emitted fluorescence with a PMT. 

Figure was reprinted with permission from ©Hoover et. al., 2013, originally published in Nature 

Photonics (Hoover and Squier 2013). 

 

Once the multi-photon microscopy system is built, we will develop an in vivo 

angiogenesis assay that will utilize fluorescent PLA scaffolds with known elastic 

properties incorporated into the highly vascularized CAM of the developing chicken 

embryo. Fertilized Gallus gallus eggs (Granjas Gibert, Tarragona, Spain) will be washed 

and incubated at 37ºC and relative humidity of 90% for 3 days. On incubation day 3, the 

eggs will be broken and the embryos will be transferred to sterile petri dishes. On day 7, 

PLA scaffolds (a generous gift from Dr. Oscar Castaño at the Institute for Bioengineering 

of Catalonia, Barcelona, Spain) with known elastic properties containing 0.1% FITC or 

0.1, 0.01, or 0.001% rhodamine will be cut into 2 × 2, 1 × 1, or 1 × 0.5 cm rectangles and 

added to the embryo CAM in a planar or rolled orientation. 
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To allow for visualization of blood vessels, on day 10 of incubation, embryos will be 

injected via a CAM vein with 100 µL of 10 kDa Cascade Blue-dextran (1 mg/mL; Life 

Technologies), 2 MDa FITC-dextran (1 mg/mL; Sigma-Aldrich), or FITC-lectin from 

Lycopersican esculentum (0.1 mg/mL; Sigma-Aldrich) using a micropipette made from 

G-1 borosilicate capillary tubes (Narishige, Tokyo, Japan) pulled with a P-97 

Flaming/Brown micropipette puller (Sutter Instruments, Novato, CA). To secure the 

scaffold and minimize movement during imaging, embryos will be placed in a custom 

designed, 3D printed chamber (Figure 7.5). 

 

Figure 7.5 Schematic of chicken embryo chamber. (A) 3D drawing of designed chicken 

embryo chamber. A polydimethylsiloxane (PDMS) membrane is placed over the lid objective 

opening and is pressed down into the embryo in the petri dish. The outside well contains sterile 

water to maintain humidity during imaging. (B) Image of the 3D printed chamber assembled on 

the microscope stage with the objective aligned over the embryo. 

 

Time-lapse, 3D images of scaffold deformation from new blood vessel growth will be 

acquired using the developed multi-photon microscopy system. Traction forces will then 

be calculated using a custom MATLAB program using finite element analysis. Embryos 
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will be sacrificed at day 13 with 10 mL of 10% PFA for 1 hr at 37
o
C and scaffolds will be 

excised from the CAM for confocal imaging. 

 

The excised scaffolds will be incubated overnight at -20
o
C with an optimal cutting 

temperature (OCT) cryostat-embedding compound (Tissue-Tek, Torrance, CA), 

cryosectioned into 10 µm thick slices using a Leica Cryostat (Leica Biosystems, 

Germany), and slices will be placed onto StarFrost microscope slides (FisherScientific). 

Cryosectioned samples will be incubated with blocking buffer (1.5 mg/mL glycine in 

PBS; 6% BSA) for 1 hr at 37
o
C, followed by staining with a primary rabbit anti-chicken 

CD144/VE-cadherin polyclonal antibody (1:100; ThermoFisher Scientific) in blocking 

buffer overnight at 4
o
C. Samples will then be washed 3 times for 15 min in wash buffer 

(1.5 mg/mL glycine in PBS), incubated with a secondary goat anti-rabbit Alexa Fluor 350 

antibody (1:300; Life Technologies) diluted in blocking buffer for 1 hr at 37
o
C, and 

washed 3 times with wash buffer for 15 min each wash. The samples will then be stained 

with FITC-lectin (0.1 mg/mL) for 2 hr at 25
o
C and washed with wash buffer. Stained 

samples will then be mounted with Mowiol 4-88 mounting medium (Sigma-Aldrich) and 

imaged with a confocal microscope. 

 

To determine the PLA scaffold rhodamine concentration that produces a fluorescence 

signal in the dynamic range of the PMTs, scaffolds with 0.1, 0.01, or 0.001% rhodamine 

were added to embryos and imaged with the multi-photon microscopy system. We found 

that 0.001% rhodamine yielded the optimal scaffold fluorescence for resolving images 

with the developed system. To investigate the fluorescence intensity of different stains in 
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blood vessels, a 1 mg/mL 10 kDa Cascade Blue-dextran, 1 mg/mL 2 MDa FITC-dextran, 

or 0.1 mg/mL FITC-lectin were injected into a CAM vein and imaged over 2 hrs with the 

system. Our preliminary results found that the use of FITC-lectin or 2 MDa dextran 

resulted in the optimal vessel fluorescence for the duration of imaging (Figure 7.6). 

 

Figure 7.6 Multi-photon microscopy imaging. (A) Multi-photon microscopy image of a 

chicken embryo CAM blood vessel injected with fluorescent 2 MDa dextran. (B) Multi-photon 

image of PLA scaffold containing 0.001% rhodamine. 

 

To determine embryo survival after injection with fluorescent stains, we compared the 

hours embryos were alive following injection with either 1 mg/mL dextran or 0.1 mg/mL 

lectin. We found that injection of dextran increased embryo survival by 83.3% compared 

with lectin injection (Figure 7.7). Although dextran is more biocompatible and less toxic 

than lectins, our results indicate that either stains can be used for 2 hrs of imaging. 

However, for longer imaging experiments that will be performed for 12 hrs, only dextran 

will be injected into embryos. 
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Figure 7.7 Injection setup and embryo survival rate. (A) Injection micromanipulator and light 

microscope setup for injecting dextran or lectin into chicken embryo CAM veins. (B) Detailed 

image of micromanipulator injection apparatus and light microscope. (C) Mean hours chicken 

embryos alive following lectin or dextran injection. Error bars are SEM. 

 

In early experiments, it was noted that blood vessel growth varied depending on the 

orientation and size of the PLA scaffolds. To determine a scaffold orientation that results 

in the desired degree of vessel growth, we cut PLA scaffolds into 2 × 2, 1 × 1, or 1 × 0.5 

cm rectangles and added them to the embryo CAM in a planar or rolled orientation. After 

3 days of incubation with the scaffolds, the embryos were fixed, scaffolds were removed 

from the CAM, and scaffolds were cryosectioned and stained with Alexa Fluor 350-
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CD144/VE-cadherin, and FITC-lectin, as previously described. Confocal imaging 

revealed maximal blood vessel interactions for 1 × 0.5 cm scaffolds in the rolled 

orientation (Figure 7.8). 

 

Figure 7.8 Chicken CAM blood vessel growth into scaffolds. (A) Left: Chicken embryo at 

developmental day 10 with rhodamine PLA scaffolds integrated into the CAM. Top right: 1 × 0.5 

cm rhodamine PLA scaffold in rolled orientation. Bottom right: 1 × 1 cm rhodamine PLA 

scaffold in rolled orientation. (B) Representative images of a rhodamine scaffold in rolled 

orientation removed from the embryo CAM as viewed from above (left) and below (right). (C) 

Confocal fluorescent image of a cryosectioned rhodamine scaffold (red) in rolled orientation 

stained with FITC-lectin and a primary CD144/VE-cadherin antibody and an Alexa Fluor 350 

secondary antibody. 

 

This project will provide a novel setup for measuring the mechanical forces exerted by 

endothelial cells during angiogenesis in vivo. Use of this model will further our 

understanding of the fundamental biophysical mechanisms of in vivo angiogenesis, 

possibly providing a foundation for the development of new medical interventions for 

treating diseases associated with angiogenesis.   
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