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ABSTRACT  

The formation of a stable clot is a balance between pro- and antithrombotic biochemical 

mechanisms coupled to biophysical mechanisms mediated by local hemodynamics. A disruption 

in this balance leads to excessive clotting, or thrombosis, which is the leading cause of death in 

the United States. Blood clots form at the site of a vascular injury by platelet adhesion, activation, 

and aggregation coupled to a network of reactions called coagulation. Endothelial cells (EC) that 

line blood vessels also help regulate clot formation by secretion of platelet inhibitors such as 

nitric oxide (NO), supporting the activated protein C anticoagulation pathway, and expression of 

adhesive ligands that promote blood cell adhesion. The relative roles of these EC-mediated pro- 

and antithrombotic pathways for different types of injuries and in different vascular beds are 

largely unknown, despite detailed knowledge of the biochemistry and molecular biology of these 

pathways. Specifically, there is little known about the distribution of EC-secreted platelet 

inhibitor at the site of a focal injury, and how the transport of those inhibitors is influenced by 

blood flow. In this thesis, microfluidic vascular injury models and the finite element method 

were used to measure and model how the spatial and temporal distribution of NO and EC 

activation affect platelet function. 

NO is a free radical synthesized and released by the endothelium in a shear stress 

dependent manner that modulates platelet function. The flux of NO at the site of an injury is 

unknown. In my first study, synthetic NO-releasing polymers were used to mimic endothelial 

function, in which the NO flux was decoupled from the shear stress. I studied collagen-mediated 

platelet adhesion and aggregation over a range of physiological shear rates and NO fluxes. NO 

was found to induce measureable inhibition of platelet aggregation at fluxes of 0.33× 10-10 mol 

cm-2 min-1 to 2.5× 10-10 mol cm-2 min-1 at shear rates of 200-500 s-1. A computational model of 
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NO transport was developed to determine the mass transfer limitations of NO in mediating 

platelet inhibition. The NO distribution was found to be reaction limited in the platelet rich layer, 

formed when RBC develop a core and there is margination of platelets to the vessel wall, and 

transport limited in the RBC core. The outcome of this study was the first report to isolate the 

shear rate dependent effect of NO on platelet aggregation.  

It is generally accepted that NO inhibition of platelets occurs primarily through soluble 

guanylyl cyclase (sGC)-dependent pathways. But, recent studies suggested that sGC-independent 

mechanisms might also mediate inhibition at millimolar NO donor concentration. In this study, I 

used the NO-releasing polymer system described above to determine the relative role of sGC 

dependent and independent signaling. Platelets treated with a small molecule inhibitor of sGC 

showed the existence of an independent pathway at an NO flux of 6.8×10-10 mol cm-2 min-1  at 

200-500 s-1  which corresponded to an NO concentration of 65 – 240 nM. This outcome of this 

study is the first report of a sGC independent pathway in flowing whole blood. 

 Endothelial cells (EC) inhibit and promote platelet activation in a shear stress dependent 

manner. Previous studies of EC-platelet interactions use chemical activators to indiscriminately 

activate entire monolayers of EC. In this study, I focally activated EC with heat using surface 

microelectrodes to create a well-defined injury zone of activated EC supporting platelet adhesion 

surrounded by quiescent EC inhibiting platelet activation. A computational model of the heat 

transfer was built to determine the in situ temperature increases directly under the cells at each 

voltage, which dictated whether the EC remained quiescent, became activated, or were killed. 

Platelet adhesion was supported between activated EC by EC-derived von Willebrand factor and 

laminin. We expect this model will be useful in ongoing studies of platelet-EC interactions. 
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 EC-derived NO contributes to platelet inhibition but it is unknown under which 

conditions it is the most important. Using the previously established EC-based focal injury model, 

the platelet aggregate formation was measured in the presence and absence of an endothelial 

nitric oxide synthase inhibitor. It was hypothesized that NO inhibits the cross-talk between 

upstream and downstream injuries by inhibiting platelet activation in a shear stress dependent 

manner. NO was found to have a pronounced effect in a dual injury configuration and when EC 

were conditioned by shear stress for days prior to the injury. 

 Overall, the relationship between clot size and EC function under physiological flow 

conditions was determined by creation of a series of microfluidic focal vascular injury models 

which allowed for spatial and temporal control of NO release and EC activation. 
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CHAPTER 1  

INTRODUCTION 

All vertebrates have a closed circulatory system to provide nutrient rich blood to the 

entire body. In addition to transporting nutrients, blood is also indispensible for promoting 

immune responses to bacteria and viruses and carrying out hemostasis. Hemostasis is the 

physiological process whereby an injured blood vessel forms a stable blood clot, or thrombus, to 

prevent blood loss. The creation of a thrombus is a complex process that allows the circulatory 

system to maintain patency, sealing vessels within minutes of an injury while only minimally 

obstructing blood flow. Loss of hemostatic balance leads to excessive (thrombosis) or deficient 

(bleeding) clotting. Thrombotic occlusion of major arteries supplying the heart and brain and 

severe hemorrhaging leading to substantial blood loss are, taken together, the leading causes of 

death in the United States1. The cardiovascular system has several means to control excessive 

clot growth including endothelial cell (EC)-derived platelet inhibitors and anticoagulants, such as 

nitric oxide (NO), prostacyclin and ADPases. EC coat the inner lining of every blood vessel, 

amounting to 4,000-7,000 square meters in the human body2, and provide a barrier between 

blood and the extravascular space. EC are active players in the formation of a thrombus; they are 

capable of expressing anti- and prothrombotic phenotypes depending on their activation state. In 

a quiescent vessel, they secrete platelet inhibitors and anticoagulants, but if perturbed, they 

express and secrete adhesive proteins that promote clot formation. 

 A key question in developing therapeutic strategies for treating thrombosis is: What are 

the mechanisms that arrest clot growth? While it is known that EC inhibit platelet aggregation by 

releasing NO, its spatial and temporal distribution and its signaling pathway in platelets at the 

site of an injury under physiological blood flow conditions is unknown. Though it is recognized 

that EC can become prothrombotic if activated and can promote platelet accumulation, the 
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phenotype of EC within and adjacent to an injury and their subsequent interactions with platelets 

in the presence of flow is also unknown. These gaps in the knowledge base persist due to the 

lack of physiologically relevant assays with well-defined hemodynamics and injuries. Flow 

assays are a powerful in vitro measurement tool to mimic the hemodynamics characteristic of 

blood vessels while inducing clot formation on user-defined injuries via the adsorption and 

micropatterning of a prothrombotic substrate. In a typical flow assay, blood is perfused through a 

channel at a constant shear rate over a prothrombotic substrate such as collagen. Clot growth is 

measured by optical microscopies. Though the use of flow assays to study hemostatic and 

thrombotic mechanisms is widespread, the majority of these assays do not incorporate 

endothelial function. EC have been incorporated into flow assays primarily for studies on the 

effect of shear stress on endothelial function3,4. Several studies include monolayers of cultured 

EC that are uniformly stimulated by chemical and mechanical methods to study rolling/adhesion 

of leukoctyes and platelets5-7. Previous models do not account for the focal and acute nature of 

vessel injuries such as those following the rupture of an atherosclerotic lesion. In such acute 

injuries, mass transport limitations of platelet antagonists, agonists, and coagulation proteins 

regulate the size and growth rate of clots8-11. Additionally, proteins and cells are sensitive to the 

evolving biomechanical environment as clot growth alters local hemodynamics.  

The central hypothesis of this work is that the size of platelet aggregates in acute in vitro 

vascular injuries is a function of the hemodynamics, NO flux, and EC phenotype. In order to 

resolve the interplay between each of these mechanisms, the overall objective of this thesis is to 

incorporate EC function into in vitro vascular injury models with spatial and temporal control of 

NO flux and EC phenotype under physiological flow conditions.  
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The specific aims of the thesis are to: (1) Create a microfluidic vascular injury model with a 

user-defined NO wall flux. (2) Identify the shear rate dependent regulation of platelet adhesion 

and aggregation by NO. (3) Define the hemodynamic conditions in which a NO flux has a 

measureable effect on platelet aggregation. (4) Delineate the relative role of soluble guanylyl 

cyclase dependent and independent NO signaling pathways on platelet aggregation as a function 

of NO flux and shear rate. (5) Design an EC-based microfluidic system in which EC can be 

activated with spatial and temporal control. (6) Characterize platelet adhesion and aggregation 

mechanisms as a function of shear rate and EC activation state. (7) Using the EC-based 

microfluidics system to measure the influence of EC-derived NO in regulating clot growth over a 

range of physiological shear rates.  

1.1 Thesis Organization 

Chapter 2 gives the relevant background for this work, including an overview of hemostasis, 

EC function, NO function in the context of platelet inhibition, hemodynamics, biophysical and 

mass transfer mechanisms that regulate clot growth, and in vitro assays available to study platelet 

and EC function. 

 In Chapter 3, a model system is described in which a NO-releasing polymer, 

diazeniumdiolated dibutylhexanediamine, was used to study the collagen-mediated platelet 

adhesion and aggregation over a range of NO fluxes and physiological shear rates. At the site of 

an injury, the NO production is unknown – it is hypothesized that other cells can substantially 

increase the amount of NO released, motivating us to test a large range of fluxes at each shear 

rate. The results show that the dynamic range of NO fluxes found to induce measureable 

inhibition of platelet aggregation span from 0.33× 10-10 mol cm-2 min-1 to 2.5× 10-10 mol cm-2 

min-1 at shear rates of 200-500 s-1. Using a computational model of NO transport, these fluxes 
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correspond to NO concentrations of 3-90 nM in the near-wall, platelet rich layer. This study is 

the first to quantitatively determine the relationship between NO flux and platelet aggregation 

under flow.  

 Chapter 4 addresses a controversy regarding NO signaling pathways in platelets. A 

significant debate persists over the signaling mechanism of NO inhibition of platelet 

activation12,13. NO inhibition is thought to primarily occur through intracellular receptor soluble 

guanylyl cyclase-dependent pathways. However, there is evidence of an independent pathway at 

high NO donor concentrations. Studies identifying a sGC-independent pathway and its role in 

platelet function have been limited to platelet aggregometry and spreading assays which do not 

account for shear stress dependent platelet adhesion and aggregation mechanisms or shear rate 

dependent transport of soluble agonists and inhibitors. Using the NO-releasing polymer 

described in Chapter 3, in which it is possible to decouple the shear rate from the NO flux, I 

tested the dependence of this sGC mechanism at a range of shear rates, NO fluxes in the presence 

and absence of an sGC inhibitor. The results support the existence of an sGC-independent 

pathway at higher fluxes of NO and for shear rates of 200-500 s-1. These fluxes are not usually 

present in quiescent blood vessels, but might become important in an injury zone where NO 

release is expected to be upregulated14.  

Chapter 5 describes an injury model in which EC were seeded into microfluidic channels and 

focally activated by heat. Resistive heating from surface microelectrodes were used to apply 

temperature increases of 10-40 °C above 37 °C. EC activation, viability, and platelet deposition 

were measured with respect to the location of the injury over a range of voltages. The model 

created three spatially defined zones after application of the injury: (1) a quiescent zone in which 

the EC are viability and not activated. (2) A zone where the EC are viable but activated and 



 5 

receded to expose an extracellular matrix to promote platelet accumulation. (3) A dead zone 

where the EC are not viable and do not support platelet accumulation. This study is the first 

microfluidic model of a vascular injury that allows for a spatially defined zone of prothrombotic 

EC surrounded by antithrombotic EC. 

In Chapter 6, the role of EC-derived NO in abrogating platelet aggregate formation is 

assessed in three local heating injury models: a single injury model, a dual injury model, and a 

prolonged shear stress model. NO production from the EC was inhibited using L-NG-

Nitroarginine methyl ester (L-NAME), a competitive inhibitor highly selective for endothelial 

nitric oxide synthase. For single and dual injury models, EC experienced shear stress only 5 min 

prior to the blood perfusion. A negligible difference was found between the L-NAME treated 

and control condition in the single injury model when blood was perfused at 150 s-1, but at 1000 

s-1, there was an increase in platelet aggregate size in L-NAME treated channels versus the 

control channels. In the dual injury model, platelet aggregates formed in L-NAME treated 

channels were larger than the control channels for two donors at the second downstream injury. 

In the prolonged shear stress model, in which EC were exposed to a shear stress of 9 dyn cm-2 for 

48 h prior to the blood perfusion, platelet aggregates were significantly larger in the L-NAME-

treated channel compared to the control condition for two donors. The data demonstrates that a 

platelet aggregate is a function of the duration of the shear stress exposure to EC, the resulting 

eNOS-derived NO flux, and the number and spacing between injuries.  

Chapter 7 describes a high school outreach activity that applies inquiry-based pedagogy to 

teach students about concepts related to diffusion. Students mimicked a controlled release drug 

delivery system with a gelatin hydrogel serving as the matrix, food dye as a drug, and bromelain 

as the gelatin-cleaving enzyme. Students varied the gelatin concentration and the enzyme 
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concentration and measured the rate of drug release. From this exercise, students became versed 

in concepts such as molecular diffusion, enzymatic reactions and polymerization.  

Chapter 8 summarizes the major findings of the research and describes recommendations for 

future projects.  
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CHAPTER 2  

BACKGROUND 

Blood vessels provide a network of tubes for the delivery of nutrients to and removal of 

waste from all tissues in the body. The circulation is comprised of arteries, which carry 

oxygenated blood away from the heart to the rest of the body; veins, which transport 

deoxygenated blood back to the heart; and capillaries, which are branched networks of tiny 

vessels, directly exchanging nutrients and wastes with surrounding tissues. Blood consists of a 

protein-rich liquid called plasma and a cell suspension that includes anucleate ellipsoidal 

platelets (~2 µm diameter, 500 nm thick, 150,000-400,000 µl-1), anucleate biconcave red blood 

cells (~7 µm diameter, 5-6 × 106 µl-1), and nucleated spherical white blood cells (~10 µm 

diameter, 4,000-11,000 µl-1 density). Platelets in concert with coagulation factors found in the 

plasma, enforce hemostasis throughout the network of blood vessels. Hemostasis is the process 

of arresting bleeding following a vascular injury by the formation of a blood clot. Regulatory 

mechanisms derived from endothelial cells (EC), such as nitric oxide (NO), and inhibitors in the 

plasma ensure that the clots do not grow uncontrollably and alter blood flow. What is unknown 

is how the relative roles of these inhibitory and prothrombotic mechanisms shift as a function of 

shear rate, shear stress, vessel size, and the nature and extent of an injury. The focus of this thesis 

is the biophysical and biochemical mechanisms carried out by EC and NO to regulate clot 

growth, with a particular emphasis on mass transfer limitations of NO-mediated platelet 

inhibition. This review provides a background on the processes of hemostasis, hemodynamics, 

EC function, platelet-NO interactions, biophysical mechanisms involved in clot formation, and 

flow-based in vitro assays for measuring platelet and EC function. 
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2.1  Overview of Hemostasis 

 Platelets, the essential building blocks for clot formation, are maintained in an unactivated 

state as they flow through blood vessels. At the onset of an injury, the EC layer is perturbed and 

the subendothelial matrix is exposed establishing an adhesive surface for platelets (Figure 2.1a). 

Platelet adhesion to collagens (types I, III, VI) is mediated by the integrin α2β1 and glycoprotein 

VI (GPVI), leading to outside-in signaling that activates platelets1. At high shear stresses (>15 

dyn/cm2), von Willebrand factor (VWF) undergoes a conformation change and mediates 

adhesion via catch-slip bonds with the GP1b-IX-V complex prior to firm adhesion to collagens2. 

VWF is a multimeric protein synthesized by EC and megakaryocytes. It is contained in several 

pools including the Weibel-Palade bodies of EC, α-granules of platelets, plasma, and embedded 

in the subendothelial matrix. Tethering of platelets to collagen-bound VWF enables the binding 

of platelet receptors to other matrix proteins with slower on-rates. Outside-in signaling through 

collagen and VWF receptors leads to the release of platelet autocrine agonists such as ADP and 

thromboxane from granules, exposure of phosphatidylserine (PS), and activation of the integrins 

αIIbβ3 and α2β1 by inside-out signaling through which platelets can aggregate and stably adhere3,4  

(Figure 2.1a). Other subendothelial matrix components such as laminin, thrombospondin, 

fibronectin, and vitronectin interact with platelet β1 and β5 integrins but their role in hemostasis 

and thrombosis is not completely understood5,6.  

 Simultaneous with platelet activation, the biochemical network coagulation is initiated by 

exposure of tissue factor (TF) bearing cells and blood cell derived microparticles7,8. Coagulation 

leads to production of the serine protease thrombin, which catalyzes the cleavage of fibrinogen to 

fibrin monomer. Fibrin monomers are polymerized to form protofibrils, which laterally 

aggregate to form fibrin fibers9,10. Thrombin is also involved in activating platelets  
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through protease activated receptors (PARs) 11,12. Fibrin forms a mesh around the platelet plug 

further stabilizing the clot (Figure 2.1b).  

2.2  Endothelial Cells in Hemostasis 

 Endothelial cells (EC) form the barrier between blood and the vessel wall and 

extravascular space. EC help maintain vessel patency by preventing spontaneous platelet 

activation by secreting soluble antiplatelet agents NO and prostacyclin (PGI2) and expressing 

CD39, which metabolizes ADP, a major platelet agonist (Figure 2.2). NO, the most potent  

2.1: (a) A summary of the platelets and receptors involved in platelet adhesion and 
aggregation. (b) An overview of coagulation. Many sequential reactions of coagulation 
proteins leads to the prothombinase complex and transformation of prothrombin to 
thrombin.. Thrombin, a serine protease, catalyzes the conversion of fibrinogen to fibrin. 
Notation: von Willebrand Factor (VWF), thrombomodulin (TM), activated protein C (APC), 
antithrombin (AT), adenosine phosphate (ADP), protein C (PC), tissue factor pathway 
inhibitor (TFPI), endothelial cell (EC), and glycoproteins (GP). Roman numerals denote 
coagulation factors and for activated factors, roman numerals are followed by an ‘a’. (from 
Neeves and Fogelson, with permission).  
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platelet inhibitor secreted by the EC13-15, and the focus of a large part of this thesis, is discussed 

in more detail below.  

 Though EC are generally important for counteracting prothrombotic environments by 

releasing inhibitory agents, they can also support the prothrombotic response by aiding the 

initiation and propagation of a clot. EC activation results in the expression of chemokines, 

cytokines, and adhesion molecules, which interact with platelets and leukocytes16-18. One 

example of an EC-derived protein is VWF. EC constitutively release VWF into circulation2,19. 

However, upon stimulation, EC can release VWF and express P-selectin by exocytosis of their 

Figure 2.2: Schematic of EC in their quiescent and activated states. Notation: PGI2 
(prostacyclin), ICAM-1 (Intercellular adhesion molecule 1), VCAM-1 (vascular cell adhesion 
protein 1), NO (nitric oxide), thromboxane (TxA2) and adenosine phosphate (ADP). 
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Weibel-Palade bodies20. Larger VWF multimers are derived from Weibel-Palade bodies than are 

found in the plasma and the larger multimers are more thrombogenic21. P-selectin can recruit 

leukocytes and platelets to the EC via its ligand PSGL-118,22. In addition to VWF and P-selectin, 

EC also express other adhesion receptors such as E-selectin, ICAM-1 and VCAM-15,23. More 

severe injuries can lead to loss of EC integrity and detachment into the circulation23(Figure 2.2). 

2.3  Nitric Oxide Functionality 

 NO is a free radical messenger synthesized from L-arginine and oxygen by nitric oxide 

synthases24,25. NO is ubiquitous throughout the body; it is essential in the cardiovascular, nervous, 

and immune systems. NO is produced by heme-containing enzymes, known as nitric oxide 

synthases26,27. One enzyme, endothelial nitric oxide synthase constitutively produces NO from 

EC28. EC releases additional NO in response to agonists (bradykinin, histamine, ATP) binding to 

the EC receptors or from shear stress32. NO is consumed by reactions with oxygen, heme 

proteins, thiols and other free radicals29-31. Though diffusion of NO into the lumen is reduced due 

to an immediate reaction with heme found in red blood cells, it is capable of modulating platelet 

behavior, as platelets are marginated to the vessel wall in a platelet rich layer (PRL) facilitating 

immersion in NO prior to the NO elimination (Figure 2.3). The PRL is the barrier between the 

blood and the EC and acts as a diffusion barrier between NO and RBCs32,33.  

 NO passively diffuses through the platelet membrane activating intracellular receptor 

soluble guanylyl cyclase (sGC), which promotes upregulation of cGMP. Escalated levels of 

cGMP activate protein kinase G (PKG) and phosphodiesterase (PDE) promote and control the 

NO signaling, respectively14. PKG directly diminishes platelet reactivity by phosphorylating 

crucial proteins involved in platelet activation34. High levels of calcium foster a favorable 

environment for platelet activation, but NO can induce phosphorylation of inositol-1,4,5-
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triphosphate35 and receptor associated cGMP kinase substrate36, known sources of calcium. NO 

causes agonists such as ADP and TxA2 to be less potent37  resulting in reduced αIIbβ3 and α2β1 

dimerization and thereby reducing platelet aggregation and spreading. Yet the integrity of initial 

adhesion receptors, GPVI and GPIb are maintained, as they have no dependence on platelet 

activation and are able to promote initial adhesion onto collagen and VWF. NO can also cause 

physiological changes via cGMP-independent mechanisms, potentially through nitrosylation of 

target proteins38.  

2.4 . Measuring and Modeling Nitric Oxide Flux and Distribution 

 Measurement of NO is difficult due to its reactivity, rapid diffusion, and short half-life in 

aqueous solutions. NO exists physiologically at picomolar to micromolar concentrations, 

requiring measurements techniques able to cover several orders-of-magnitude29,39. The primary 

methods for NO detection are absorbance, fluorescence, chemiluminescence, electron 

paramagnetic resonance, and electrochemistry. The Griess reaction is a popular absorbance 

method to measure NO indirectly. Sequential reactions of NO, lead to the productions of NO2
-,  

which reacts with sufanilic anid and α-naphthylamine to yield a dye whose concentration is 

representative of the NO concentration40,41. A limitation of this method is that it is not suitable 

for real-time data collection and has a lower detection limit of 0.5 µM. NO production can be 

monitored spatially and temporally via fluorescent probes. Diaminofluoresceines (DAFs) react 

with N2O3, a byproduct of NO reactions, which cause a 100-fold increase in fluorescence42. 

Fluorescent probes can measure concentrations as low as 5 nM42 but are susceptible to 

interferents such as NO2
-, NO3

-, and H2O2
43. Chemiluminescence measurements rely on a 

reaction of NO with O3 to produce NO2
* in an exited state. Emitted light released from NO2

* 

returning to a lower energy state is measured with a photomultiplier tube. Electrochemical 
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techniques are based on sensors that detect the oxidation of NO to NO2
- 44. 

 Due to the difficulty of obtaining in vivo measurements of NO release in response to shear 

stress, mathematical models have been used to estimate NO concentrations and distributions. The 

earliest models of NO only modeled its diffusion from a point source45,46. Complexities such as 

the shear dependence of EC-derived NO, the NO consumption rate by RBC and the width of the 

platelet rich layer (PRL) (Figure 2.3)47 are essential mechanisms to account for in models, as 

they strongly dictate NO availability in a vessel and have been integrated in subsequent models48-

51. However, accurate predictions of NO concentration are limited by the uncertainty of these 

mechanisms; large discrepancies exist in the literature over the magnitude and relative 

contribution of each of these parameters52.  

 

Figure 2.3: Demonstration of a PRL formation in a simulation. RBC are shown in red and 
suspended particles are in blue. (a) A 3D simulation demonstrates margination of small particles 
to the exterior of the vessel at a hematocrit of 0.3 and a shear rate of 39 s-1. (b) A 2D simulation 
shows the migration of particles at a hematocrit of 0.3 and 29.3 s-1. (From Muller et al.,with 
permission) 
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The reaction of NO with hemoglobin requires NO to access the hemoglobin by 

penetrating the red blood cell (RBC) membrane and overcome other diffusion resistances such as 

the PRL, packing of the hemoglobin in the RBC and external diffusion limitations, many of 

which are unknown (Figure 2.4) 52,53. Liao et al. measured the rate of uptake of NO by RBCs to 

be 1000 times slower than the reaction with free hemoglobin54. The contribution of the RBC 

membrane and extracellular diffusion resistances to NO uptake is controversial due to a large 

range of reported RBC membrane permeabilities, ranging over three orders-of-magnitude48,55-57. 

The red blood cell consumption rate varies widely from 15 – 6500 s-1 in the literature for a 

hematocrit of 45%33,48.   

 A variety of studies have been conducted in cultured cells and isolated vessels, to provide 

estimates for the vascular release rate of NO by monitoring NO oxidation products. Predicted 

NO release rates differ due to different experimental protocols, various stimulations techniques, 

and NO measurement tools. One study suggested a linear relationship between the shear stress 

and NO production rate over the range of 2-10 dyn/cm2 50, which was corroborated by in vitro 

Figure 2.4: Transport barriers between NO and hemoglobin. (a) The RBC-free zone, referred to 
as the PRL in this document is a diffusion barrier between the source of NO and the RBCs. (b) 
A diffusion layer surrounding an RBC slows down NO and hemoglobin contact. (c) The RBC 
membrane permeability controls the accessibility of NO to hemoglobin. (From Tsoukias, with 
permission)  
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experiments conducted with cultured endothelial cells 58.  While another study only measured the 

time averaged nitrate/nitrite concentrations and found a non-linear two phase relationship 

between NO production and shear stress; one phase dependent on the rate of the change of shear 

stress and the other dependent on the magnitude of the shear stress 59. An additional study found 

a sigmoidal relationship between wall shear stress and the production of NO60.  

Several mathematical models have been reported that predict the bioavailability of 

NO50,51,61,62. Vaughn et al. modeled the NO reaction with hemoglobin and a reaction-diffusion 

model of a 50 µm radius arteriole assuming a NO wall flux of 3.2 × 10-10 mol cm-2 min-1. Due to 

the uncertainty of the NO reaction rate constant with RBC, it was varied between 15-1280 s-1. 

Convective transport in the presence of RBC was assumed negligible due to a fast reaction. The 

concentration of NO in the vessel varied from 0-250 nM and was strongly dependent on the size 

of the PRL and the reaction rate constant with blood. A rate constant of 15 s-1 gave a NO 

concentration of 250 nM, which has been reported to be the effective half-maximal concentration 

to activate its main receptor soluble guanylyl cylase63. Fadel et al. modeled the combined 

convection, diffusion, and auto-oxidation reaction but neglected NO elimination with 

hemoglobin and linearly related NO production to the wall shear stress51. The concentration at 

the wall was determined by a competition between shear stress dependent production of NO and 

enhanced removal by convective transport. The NO wall concentration within their 

computational domain (height of 750 µm and length of 5 cm) varied from 190-1100 nM  (shear 

stress range of 0.1-20 dyn/cm2). A finite boundary layer of approximately 70-150 µm was 

obtained at shear stresses ranging from 6-20 dyn cm-2 (600 – 2000 s-1), but at 0.1 dyn cm-2 (10 s-

1
) a boundary layer was not present since NO penetrated across the height of the chamber due to 

a small Peclet number51. It is likely that convection role was overestimated in this model due to 
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neglecting of the NO reaction with blood. Another two dimensional transient model that 

accounted for spatiotemporal variations induced by RBC aggregation and flow found that NO 

availability was inversely related to the PRL width, which was attributed to an enhanced local 

shear stress62. A hemoglobin reaction rate constant of 382 s-161 was assumed and the NO varied 

between 200-300 nM, depending on the thickness of the PRL. A thinner PRL, lead to a higher 

NO concentrations, due to the dominant effect of enhanced shear stress-induced NO production 

overcoming any NO losses from a decreased diffusion barrier to elimination by RBCs. Clearly, 

the bioavailability of NO is closely tied to the relationships between the hematocrit (the fraction 

of RBC), elimination rates, shear stress, NO production rates and spatial variability of the PRL – 

all of which must be well defined to predict the NO bioavailability.  

 Another major complication in predicting NO bioavailability is that NO production in the 

vicinity of a vascular injury has not been measured. Following an injury, it is known that NO 

serves several vasoprotective roles including inhibition of platelet aggregation and activation, 

leukocyte adherence, vascular smooth muscle cell proliferation and migration, and stimulating 

endothelial cell growth64,65.  What is unknown is the degree to which the NO levels are 

modulated adjacent to an injury. It has been suggested that endogenous NO concentrations are 

raised via inducible NO synthase (iNOS), another NO production enzyme that is usually 

involved in immune responses. Stimulation of iNOS in EC adjacent to a vascular injury would 

not only compensates for the loss of NO from the injured endothelium65, but temper the 

prothrombotic effects of the injury. Typically when iNOS is expressed, it generates 100-1000 

fold more NO than released from eNOS 66,67.  This unknown variation in NO fluxes the approach 

described in Chapter 3 that examines platelet aggregation over a range NO fluxes in the vicinity 

of an simulated injury.  
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2.5  Extracellular Matrix Proteins in Hemostasis  

 EC actively synthesize extracellular matrix proteins (ECM) that make up the layer beneath 

the EC (Figure 2.5)5,68. These proteins are either deposited basally or maintained in EC secretory 

granules called Weibel-Palade bodies6,20. The basement membrane includes an assortment of  

proteins including collagen (types IV, VIII, and XVIII), fibronectin, VWF, laminins, nidogens 

and perlecans69. VWF is constitutively secreted or targeted to storage granules. As mentioned 

previously, VWF derived from storage granules are large and form stronger bonds with GPIbα 

Figure 2.5: A demonstration of the proteins composing the vessel. Platelets ar known to store 
ECM proteins such as VWF, fibrinogen, fibronectin and thrombospondin. Proteins circulating 
the plasma are represented in pink. The endothelial basement membrane and its protein 
composition (BM) is shown in green. The smooth muscle and its proteins stored are listed in 
red. The adventitium and interstitium and their respective proteins make up the outer layers 
shown in black and gray mesh.  (From Bergmeir, with permission) 
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due to multivalent binding21. Laminins, the most abundant components of basement 

membranes70, are heterotrimeric glycoproteins and bind with the α6β1 integrin71,72. Upon platelets 

binding to laminin, signals are initiated promoting cytoskeltal reorganization and filopodia 

emission73. Similar to collagen, laminin interacts with VWF at high shear rates (>1000 s-1) 74. α6 

deficient mice present a marked decrease in arterial thrombosis in three animal models 75. 

Collagen IV is non-fibrillar and less potent than fibrillar collagens at supporting platelet adhesion 

or recruiting VWF76. However, the synergy of several weakly stimulating ECM proteins might 

approach the activation found with more potent substrates 77. 

 The ECM secreted by the smooth muscle cells, between the basement membrane and the 

internal elastic lamina, is comprised of fibrillar collagens (types I, III, and V), elastin, 

microfibrils and other ECM proteins78. The collagens found deeper in the vessel wall are much 

more potent than isolated collagen IV at initiating platelet activation and aggregation79,80.   

2.6  Biophysical Mechanisms of Clot Formation 

Clot formation is regulated by hemodynamics, transport of platelet agonists, antagonists 

and coagulation factors, and by the shear stress-dependent cell and protein mechanics. Here, we 

provide a brief summary of experimental and computational methods describing biotransport and 

biomechanics events within the clotting process.   

2.6.1 Hemodynamics 

 Throughout the circulatory system, there are widely different sized vessels ranging from 

8 µm to 2-3 cm81 with flow velocities ranging from 0.03 cm s-1 to 40 cm s-1 (Table 2.1)82. Blood 

flows through the circulation at different shear rates, which is dictated by the velocity and 

diameter of the vessel in fully developed Newtonian flow. Flow is defined as being Newtonian 

when shear stresses, defined as the tangential force per area, are proportional to the shear rate. 
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Due to attractive interactions between RBCs, whole blood exhibits non-Newtonian behavior at 

shear rates less than 100 s-1 83. Blood has a yield shear stress required in order to flow that is 

dependent on the hematocrit83. Below 100 s-1, blood behaves as a power law fluid in which it 

shear thins but above 100 s-1, blood has Newtonian properties. The constitutive equation that best 

describes blood rheology over a wide range of shear stresses is the Casson equation which 

accounts for a yield stress and shear thinning83,84:  

𝜏!/! =    𝜏!
!/! + 𝜂!/! −𝛾 !/! ( 2.1) 

 

where η is the viscosity at high shear rates and is a function of the hematocrit, γ is the shear rate, 

τ is the shear stress, and τ0 is the yield stress.  

 In vessels or channels less than 300 µm, the hematocrit is lower inside the smaller 

dimension than at the discharge point85. This is know as the Fahreus effect. The related Fahreus-

Lindquist effect describes a phenomenon in which blood flowing in  tubes with diameters of 30-

300 µm has a lower viscosity due to the reduced hematocrit86.  

The flow regime in a given vessel is characterized by the Reynolds number, which is the 

ratio of the inertial forces to the viscous forces:   

Re =
ρυL
η  ( 2.2) 

 

where ρ, η, L, and v are the density of the fluid, the viscosity of the fluid, characteristic length 

and fluid velocity, respectively. The Reynolds number ranges from 0.01 to 3,500 in blood 

circulation 81,87.   
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Vessel type Diameter Shear rates 
(s-1) 

Relative 
Viscosity 

(cP)** 

Shear stress 
(dyn cm-2) 

Reynolds 
number 

Aorta 2.5 cm 155 3-4 10 3400 
Arteries 0.4 cm 900  3-4 12 500 

Arterioles 50 µm 1000  3.5 30 0.7 
Venules 20 µm 800  2.6 20 0.01 
Veins 0.5 cm 160 3-4 5 140 

Vena Cava 3.0 cm 100 3-4 3 3300 
Capillaries 5-8 µm 1000 1.3 13 0.002 

*Diameters, shear rates, and Reynolds number obtained from Papaioannou et al.83 
**Obtained from Fahreus-Lindquist relationship between diameter and viscosity from Barbee et a.81 

2.6.2 Transport in a blood vessel 

As previously described, the diameter of blood vessels range over four orders-of-

magnitude83. Transport processes such as molecular diffusion and forced convection become 

more or less important depending on the type of vessel. For example, transport in large vessels is 

dominated by convection. However, in smaller blood vessels, or near the wall of a larger vessel 

where the velocity is small, diffusion mechanisms become important. The relative importance of 

convective to diffusive is known as the Peclet number: 

  

Pe =   
Rate  of  mass  transport  by  convection
Rate  of  mass    transport  by  diffusion =

υL
D  ( 2.3) 

 

where v, L, and D are the fluid velocity, characteristic length and species diffusivity, respectively. 

Peclet numbers usually range from 0.1 to 2000 physiologically79,84. A small Pe (<<1) is 

indicative of transport dominated by diffusion while a high Peclet  (>> 1) is representative of 

convection being dominant84. 

Similar comparisons can be made between the rate of reactions relative to transport. The 

ratio of reaction rate to mass transfer is defined as the Damkohler number. There are two 

Table 2.1: Diameters, shear rates, relative viscosity, shear stress and Reynolds number in vessels 
throughout the body 
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Damkohler numbers, one is the ratio of the rate of reaction to the rate of mass transport by 

diffusion: 

Da! =   
Rate  of  reaction

Rate  of  mass  transport  by  diffusion =
kC!!!L!

D  ( 2.4) 

 

Where k, n, C, D and L are the reaction rate constant, reaction order, concentration, diffusion 

coefficient and characteristic length. The second Damkohler number compares the rate of 

reaction to the rate of mass transport. 

Da!! =   
Rate  of  reaction

Rate  of  mass    transport   =
kC!!!L
k!

 ( 2.5) 

 

Where kg is the mass transport coefficient. For NO transport and elimination the Damkohler 

number ranges from being <<1 to >>1. An example of a Da >> 1 or a transport limited regime, 

occurs in the lumen of RBC core, where the NO reaction with hemoglobin is dominant compared 

to its convection85. An example of a Da << 1 or a reaction limited regime, occurs in the PRL, 

where the NO reaction with oxygen is slow compared to its diffusion51 .   

  Graetz first solved the formation of a thermal or concentration boundary layer for 

convective transport. The so called Graetz problem is a classic problem in transport phenomena 

that deals with forced heat convection combined with heat conduction in a tube with a wall at a 

different temperature in which it is assumed there is no axial conduction91. The conservation of 

energy equation for the problem is written as:  

𝜐
𝜕𝑇
𝜕𝑧 = 𝛼

1
𝑟
𝜕
𝜕𝑟 𝑟

𝜕𝑇
𝜕𝑟  ( 2.6) 

 

where T is the temperature and r is the radial coordinate, z is in the axial direction and α is the 

thermal diffusivity of the fluid. The boundary conditions are that there is an initial temperature at 
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the inlet, a known wall concentration, and the gradient of temperature in the r direction at r = 0 is 

zero. An order-of-magnitude analysis demonstrates that the penetration depth is weakly related 

to the fluid velocity, and thus shear rate, with a Pe1/3 dependence92. The problem has been 

expanded to include axial conduction, especially relevant at Peclet numbers less than 100 in 

which there is ambiguity about the relevance of the axial conduction, known as the extended 

Graetz problem93. The problem has also been solved analytically with a Neumann boundary 

condition (constant wall flux)94. The Graetz problem and extended Graetz problem are relevant 

to describe transport processes in hemostasis. Processes such as NO release from EC, platelet 

agonists release from a thrombus are an example of the extended Graetz problem with a 

Neumann boundary condition. Relevant computational and analytical models, and in vitro 

experiments incorporating transport phenomena from the Graetz problem are discussed below. 

Additionally, in Chapter 3, I discuss the controlled release of NO into flow whole blood, another 

example of the extended Graetz problem with a Neumann boundary condition, albeit with the 

added complexity of a homogenous reaction. 

Numerical simulations and in vitro experimental models have been used to measure the 

isolated effects of agonist flux on platelet aggregate formation. For example, a two-dimensional 

finite element model was developed to predict the concentration profiles of ADP, thromboxane, 

thrombin, and VWF adjacent to and between clots95. The model investigates blood flow over 

model thrombi of various shapes and dimensions in which ADP and VWF are released from the 

dense granules of activated platelets and thromboxane and thrombin are enzymatically generated 

near the platelet membrane. The local concentration of each component is found to strongly 

depend on the rate of clot growth, thrombus size and shear rate. A similar model computed the 

local concentration of ADP and thromboxane in the vicinity of a growing model of thrombi 10 
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and 20 µm long at wall shear rates ranging from 100-1500 s-196. Each components’ concentration 

profile was solved from an extended Graetz problem (diffusion and convection) with a Neumann 

boundary condition. ADP is released by the dense granules from each platelet as they 

simultaneously attach to the thrombus. Thromboxane, is generated enzymatically within a 

platelet, and depends on the total number of platelets in a thrombus. An increase in shear rate 

from 100 to 1500 s-1, lead to a 2.5-fold drop in maximal ADP and thromboxane concentrations. 

ADP is hardly affected by increasing the size of a thrombus, as it depends on the flux of newly 

activated platelets entering the injury zone, which largely remained the same for 10 and 20 µm 

thrombi. However, thromboxane, which is dependent on the accumulation of platelets, saw a 5-

fold increase after a 10 µm increase in thrombi length. These studies illustrate how agonists’ 

localization is affected by shear rate, injury size and geometry size.  

Flamm et al. demonstrated through a multiscale systems biology approach the interaction 

of cell mechanics combined with the transport of ADP and thrombin towards regulating clot 

formation. A complex numerical simulation, combining coarse-graining, continuum and 

stochastic algorithms, accounted for the clot growth rate and its composition to predict its 

occlusive (blocks a blood vessel) or embolic (clot breaks off and flows downstream) potential 

with various flow geometries, blood phenotypes, and reactive surfaces97.   

 An in vitro model of the Graetz problem was reported by Neeves et al. using a 

membrane-based microfluidic device to set wall fluxes of platelet agonists into flowing blood 

(Figure 2.6)98. By increasing fluxes of ADP from 1.5 to 4.4 ×10-18 mol µm-2 s-1, platelet adhesion 

and aggregation events were increased. Analytical and numerical models predicted the 

concentration of ADP as a function of the membrane permeability and transmembrane pressure. 

This study is especially relevant because it is an example of an injury model in which it was 
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possible to measure platelet aggregate size as a function of the ADP flux, and the local 

hemodynamics. In Chapter 3, a similar study is conducted where controlled wall fluxes of NO 

are introduced into flowing blood.   

 These previous studies show that the relative rates of convection, diffusion, and 

homogenenous and heterogeneous reactions are important regulators of clot initiation, growth, 

and arrest. Calculations of a few key dimensionless numbers can identify flow, transport, and 

reaction regimes. These regimes have been explored in great depth using experimental, analytical  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Membrane method to introduce controlled agonist fluxes. (a) A schematic of the 
membrane and perpendicular channels. (b) A side view of the channels demonstrating 
introduction of agonist from the bottom channel to the top channel through a membrane. The 
flux is controlled by the transmembrane pressure between the two channels (c) An electron 
micrograph of bottom channel and vacuum supports (Neeves, with permission).  
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and computational studies to estimate the spatial distribution of platelet agonists and coagulation 

proteins as a function of geometry and hemodynamics. Based on the insight garnered from theses 

studies, a combined experimental and computational is used in this thesis to measure and model 

convective heat and mass transfer. Specifically, in Chapters 3 and 5 versions of the Graetz 

problem are solved to predict NO transport and EC heating.  

2.6.3 Mechanical forces regulate platelet adhesion, VWF function, and endothelial cell 
phenotype 

Platelet adhesion and aggregation occurs over a large range of physiological shear rates 

(20-1,800 s-1) and pathological shear rates 100,000 s-199-101. While at low shear rates, platelets 

can bind directly to collagen through the GPVI receptors, at high shear stresses, they must first 

roll via GPIbα-VWF interactions before firmly adhering to collagen102,103. GPIbα-VWF bonds 

form and dissociate rapidly, by a shear threshold catch and slip bond, and decrease the platelet 

velocity giving it a chance to form more permanent bonds and adherence to the matrix104,105. For 

aggregation, platelets rely on a bond through αIIbβ3 via fibrinogen, VWF or fibronectin. 

Similarily to platelet adhesion, it has been found that VWF is required to attach platelets to parts 

of platelet aggregates that are exposed to high shear stress106, followed by firm attachment 

mediated by receptor αIIbβ3.  

 VWF is a critical protein for mediating platelet adhesion and its function and size are 

regulated by hydrodynamic forces. VWF is composed of three domains; A1, C1 and A2 contain 

binding sites for GPIb and αIIbβ3 receptors107. Each VWF monmer can join to form a dimer, 

which can coalesce to form a multimer108. In its native form, VWF is a globular protein and must 

be in an extended conformation to interact with platelets. A critical shear stress of ~50 dyn cm-2  

is required to stretch the VWF leading to exposure of its binding domains needed to mediate 

platelet adhesion109.  
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 EC, which line the circulatory system, are constantly subjected to hemodynamic forces 

that affect their function. Physiological shear stresses encountered by EC depend on the vessel; 

they are a function of the fluid viscosity, flow velocity and radius of the vessel. EC undergo 

mechanotransduction upon exposure to shear stress that alter their biophysical, biochemical, and 

gene regulatory responses. The time scales of the hemodynamic responses can range from 

seconds to hours110. Responses on the order of minutes are usually from electrophysiological and 

biochemical responses. Responses taking minutes to several hours require cytoplasmic and 

nuclear changes, transcription factor activation, and regulation of gene transcription111,112. EC 

change shape and reorient and align with flow after exposure to shear stresses greater than ~5 

dyn cm-2  for 24 h in a carotid bifurcation model113. Dewey et al. demonstrated cell alignment by 

applying unidirectional shear stress to align confluent EC monolayers114. Another antiplatelet 

agent known as PGI2 is activated by 0.9-14 dyn cm-2 shear stress after 2 min115. For eNOS 

function, it is believed that rapid calcium elevation leading to calcium/calmodulin-dependent 

stimulation provides a burst effect of NO while prolonged exposure to shear stress is required for 

sustained release116. eNOS from bovine aortic EC were reported to have significantly increased 

eNOS mRNA and protein expression after exposure to 15 dyn cm-2 for 24 h117.  Other studies 

have reported a two-fold increase in eNOS activity as early as 3 h after shear stress exposure118. 

Overall, these data suggest that EC phenotype in vitro is highly dependent on whether cells are 

cultured under static conditions or under prolonged shear stress. 

2.7 Flow Chambers for Studying Hemostasis and Thrombosis 

 Since the 1970s there have been many devices and tools developed to measure platelet 

function under flow. Some are currently in use clinically and others have only been used for 

research purposes. Critical information on shear stress dependent adhesion and signaling has 
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been deciphered from experiments conducted in vivo, though it is difficult to create well-defined 

injuries and control hemodynamics in animal models of vascular injury. The majority of animal 

models are conducted with mice and important differences pervade between mouse and human 

physiology. For example, mouse platelet counts are four-fold higher than human platelet counts 

and mouse platelets are half the size of human platelets119. Murine platelets also have different 

receptors and proteins. For example, mice express the thrombin receptors PAR3 and PAR4, 

while humans express PAR1 and PAR4120. In vitro injury models have made it possible to test 

human whole blood under controlled conditions. The introduction of flow chambers has allowed 

for better recapitulation of cell behavior in a blood vessel, with the caveat that once blood is 

removed from the body and collected in anticoagulants, it is irrevocably changed.  

2.7.1 Preparation and collection of blood 

 Blood can be collected into a variety of inhibitors. Depending on what aspect of platelet 

biology is to be studied determines which inhibitor is chosen. In cases in which coagulation and 

fibrin formation is measured, whole blood is collected in a divalent cation chelator such as 

sodium citrate. Coagulation and platelet function can be rescued with the addition of magnesium 

and calcium ions to physiological levels prior to the experiment. However, both platelet function 

and coagulation are attenuated following citrate-recalcification procedures relative to non-

anticoagulated blood121. Usually whole blood is recalcifued prior to the introduction of blood, 

which can be problematic, as platelets pooled together at the inlet can activate before being 

perfused through the channel. On-chip mixing strategies such as sheath flows and chaotic 

advective mixers have been developed to allow for continuous mixing of divalent cations into 

whole blood122 (Lehmann et al., in preparation). In scenarios where coagulation and fibrin 

formation are not desired, platelets are collected into FPR-chloromethylketone (PPACK), hirudin, 
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or heparin, which are irreversible thrombin inhibitors123. Blood can also be collected into corn 

trypsin inhibitor, an inhibitor of βXIIa, an initial product of the contact pathway without 

interfering with calcium and magnesium required for coagulation. The downside to using CTI-

inhibited blood is that it blocks the contact pathway of coagulation.  

2.7.2 Flow Chambers  

 The first flow chambers were annular, where an animal derived denuded vessel wall was 

wrapped around an inner cylinder and blood was perfused through the annulus124. Denuded and 

inverted arterial segments were used as adhesive surfaces. Sarkarissen and colleagues 

popularized the parallel-plate perfusion chamber in which a glass coverslip was coated with an 

adhesive substrate or EC and thrombus formation was measured at shear rates ranging from 300-

1,100 s-1 125. The primary advantage of the parallel plate flow chamber is that it allows for real-

time measurements of platelet adhesion and fibrin formation using standard light microscopy. 

Through studies with these tools, it was found that VWF has a significant effect in platelet 

adhesion126,127. Additionally, the shear stress dependence of calcium signaling, platelet 

aggregation, integrin activation, and fibrin formation have been studied in flow chamber 

studies98,128,129.  

 A desirable feature of parallel plate flow chambers is that they can be used to study 

thrombotic events on defined surfaces of polymers, extracellular matrix proteins, and 

procoagulant molecules like tissue factor (TF). The defined surfaces can be patterned in a variety 

of ways. Adhesive and prothrombotic proteins have been micropatterned by microfluidic 

channels130, microcontact stamping131, microblotting132, microspotting133 and microstencils134 

(Figure 2.7a,c). Another approach to induce an injury is to release a flux of soluble agonists 

(ADP and thrombin) using a porous membrane between two stacked, perpendicular channels98.
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 Flow chambers’ ability to emulate hemodynamics is especially important in studying 

proteins and cells that respond to shear stresses. Platelet activation in the in vivo environment is 

closely regulated by exposed extracellular matrix components, fluxes of inhibitory and 

prothrombotic agents, and complex rheological flow conditions. A flow chamber is adaptable to 

control for each of these parameters. A downside of parallel plate flow chambers is that they 

require a large amount of blood (>10 mL) and model a very simple geometry.  

2.7.3 Microfluidics 

 Microfluidic devices are advantageous flow chambers to use to study flow dependent 

thrombus formation as they can be produced quickly, require little blood, are light-transparent 

devices allowing for real-time visualization, and can be fabricated into complex geometries 

(Figure 2.7b). Microfluidic devices can accommodate multiple channels with the ability to 

examine blood flow at multiple shear rates. Gutierrez et al. used a multiple channel with a single 

outlet design and varied the flow paths of each channel to achieve difference shear rates135. 

Hansen et al. described a high throughput device that measured platelet adhesion on a microarray 

of ~300 protein spots over a range of shear rates (50-920 s-1) in a single multishear device131.  

 Caution should be exercised when using microfluidic devices to model in vivo clot 

formation. In the microvasculature, blood flow is driven by constant pressure gradients, rather 

than constant flow rates as in most microfluidic devices. As a thrombus forms in vivo, the flow 

rate reduces as the thrombus grows into the lumen leading to increased hydraulic resistance. 

When syringe pumps are used in vitro, the flow rate remains constant regardless of the hydraulic 

resistance leading to supraphysiological shear stresses that eventually mechanically rupture 

thrombi. Another issue with microfluidics is that the dimensions of the microfluidics are 

representative of venules and arterioles. 
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Care should be taken when trying to represent large arteries and veins in which the Reynolds 

numbers are large (Table 2.1), and thus inertial forces are significant. It is impossible to match 

both the wall shear stresses and vessel Reynolds numbers of large vessels in microfluidic 

channels. As such, flow separation and turbulent flows that are characteristic of flows around 

valves, at bifurcations, and severely stenosed vessels are difficult to model in these systems. 

Moreover, because most microfabrication techniques result in rectangular cross-sections, the 

aspect ratio of the channel influences the shear stress profile along the channel walls. A 

rectangular capillary with an aspect ratio (width:height) greater than 10 is desirable such that a 

uniform shear stress is achieved across the middle 85% of the channel136,137. Neeves et al. 

showed that parabolic shear stress profiles in lower aspect ratio channels confound data 

analysis130.    

Figure 2.7: (a) Immunofluorescently labelled type I collagen that has been patterned with a 
PDMS stamp. Scale bar = 100 µm. (b) Fibrillar collagen patterned by a microfluidic device. 
Scale bar = 250 µm. (c) A four channel microfluidic device reversibly vacuum bound to a glass 
slide. 



 32 

2.7.4 Previous studies of endothelial function in flow assays 

Most studies in flow assays that incorporate EC have been done to determine the effects 

of shear stress on EC function. In vitro assays such as the parallel plate flow chamber and the 

cone-and-plate viscometer have been used to determine the changes in endothelial function in 

response to flow and other stimulants110,114. These approaches have yielded important 

information about the effect of shear stress on endothelial cytoskeleton, uptake of 

macromolecules, release of proinflammatory molecules, and adhesion of leukocytes and platelets 

to endothelial cells51,138. Many experiments performed with EC are knockout experiments, where 

a gene is blocked by genetic deletion to determine the function of a protein139,140. Incorporating 

some features of the endothelium into implanted materials (e.g. NO release) has been used to 

improve biocompatibility. Applications of these materials include blood oxygenators and filters, 

kidney dialyzers, heart valves, and other vascular grafts141. These polymers were found to 

significantly attenuate thrombus formation in animal models142.  

2.7.5 Models assessing EC and platelet interactions 

Platelet-EC interactions can be studied by chemical activation of EC to induce a 

prothrombotic phenotype. Agents such as tumor necrosis factor (TNFα), endotoxin, interleukin-1, 

thombin, 4β-phorbol 12-myristate 13-acetate (PMA), and calcium ionophore activate EC16,18. 

Changes induced by chemical activation include synthesis of platelet activating factor, release of 

VWF, expression of adhesion molecules, recession or detachment of the EC leading to exposure 

of the protein matrix, and increased production of tissue factor16,143. For example, Stern et al. 

demonstrated that activation of EC by TNFα, a cell-signaling molecule involved in inflammation 

leads to tissue factor exposure on the cell surface and the formation of fibrin144. Using a well 

plate microfluidic-based system, Conant et al. showed stable platelet adhesion and thrombus 
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formation after uniform EC stimulation with TNFα under normal physiological shear (0.1-20 

dyn/cm-2)145. Massive irregular platelet clot formation resulted on the HUVEC. Andre et al. 

studied platelet and EC interactions in inflamed mouse mesenteric venules146. After applying a 

calcium ionophore, a direct Weibel-Palade body stimulator, immediate platelet adhesion was 

induced without the formation of aggregates. The adhesion process was dependent on VWF, 

while P-selectin was found to have no effect146. Each model and the activation state of the EC is 

dependent on the stimulant used, but these models provide a tool to measure interactions of 

platelets and variably activated EC. 

Studies have incorporated EC function into microfluidic channels to assess platelet 

interactions in a hemodynamic-influenced environment147-149. Westein et al. made microfluidic 

models with a stenosis to represent a pathological condition in which the flow is constricted. An 

increase in EC secretion of VWF was found at the poststenotic site, which lead to exacerbated 

platelet aggregation136. This is an example in which the geometry and resulting hemodynamic 

forces are regulatory factors towards the outcome of platelet aggregate formation. In another 

study, Zheng et al. recapitulated a three dimensional vascular network within a collagen scaffold 

and induced a state of inflammation with a PMA treatment. Platelet aggregates formed 

throughout the PMA-treated channel after blood flow for 15 min to 1 h at 10-30 dyn cm-2, which 

was attributed to extensive VWF release (Figure 2.8)147. A 3D geometry was used such that  

VWF and platelets from all sides of the channel could participate in interactions. The 

accompanying hemodynamic forces lead to the extension of the VWF and subsequent platelet 

accumulation. Tsai et al. cultured EC in microfluidic bifurcating channels coated with 

fibronectin-coated surfaces to determine how alterations in hematologic disease lead to 

microvascular occlusion and thrombosis at 1-4 dyn cm-2. 
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Sickle cell blood obtained from patients lead to occlusion of the channels. Overall, the authors 

illustrated that an endothelialzed microsystem is useful for measuring the clotting potential of 

certain blood diseases under flow conditions137. In Chapter 5, I describe an endothelialized 

vascular injury model that allows for focal activation of EC to mimic an acute injury in which 

resulting platelet aggregates are a function of the degree of EC activation, shear rate, and applied 

heat.  
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CHAPTER 3   

TRANSPORT LIMITATIONS OF NITRIC OXIDE INHIBITION OF PLATELET 
AGGREGATION UNDER FLOW 

This chapter is modified from a paper published in 

Annals of Biomedical Engineering1 

J. L. Sylman2, S. M. Lantvit3,  

M. C. VeDepo4, M. M. Reynolds5, and K. B. Neeves6 

3.1 Abstract 

 Nitric oxide (NO) inhibits platelet aggregation at and near the site of a vascular injury by 

upregulation of cyclic guanosine monophosphate, which reduces the dimerization of the integrin 

αIIbβ3. The magnitude of NO flux from the vessel wall and the NO concentration that is necessary 

to inhibit platelet aggregation under physiological flow conditions is unknown. In this study, a 

NO releasing polymer, diazeniumdiolated dibutylhexanediamine, was integrated into a 

microfluidic flow assay to determine the relationship between NO wall flux and collagen 

mediated platelet adhesion, activation and aggregation. A NO flux equal to or greater than 

2.5×10-10 mol cm-2 min-1 was found to abrogate aggregation, but not initial platelet adhesion, on 

collagen at 200 s-1 and 500 s-1 as effectively as the αIIbβ3 antagonist abciximab. The dynamic 

range of NO fluxes found to induce measurable inhibition of platelet aggregation spanned from 

0.33×10-10 mol cm-2 min-1 to 2.5×10-10 mol cm-2 min-1 at 200 s-1-500 s-1. These fluxes correspond 

to near-wall NO concentrations of 3-90 nM based on a computational model of NO transport. 

                                                

1 Reprinted with permission of the Annals of Biomedical Engineering, (2013), 41, 2193-2205 
2 Primary author and researcher 
3 Co-author, Collaborator from Department of Chemistry at Colorado State University 
4 Co-author, Undergraduate 
5 Co-principle investigator, Collaborator from Department of Chemistry at Colorado State University 
6 Author for correspondence, co-advisor 
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The model predicts that NO concentration in the platelet rich layer near the wall is kinetically 

limited, while NO penetration into the lumen is mass transfer limited.  

3.2 Introduction 

Endothelial cell derived inhibitors of platelet activation include prostacylins, ADPases, 

and nitric oxide (NO). NO is a free radical released by the endothelium where it is generated by 

endothelial nitric oxide synthase (eNOS). Penetration of NO into the lumen is limited by 

elimination mechanisms that include oxidation and reaction with hemoglobin found in red blood 

cells (RBC)1. However, because platelets are concentrated near the vessel wall in a RBC free 

zone, high concentrations of NO exist that are capable of inhibiting platelet activation1.  NO 

passively diffuses through the platelet membrane activating the intracellular receptor soluble 

guanylyl cyclase (sGC), promoting upregulation of cyclic guanosine monophosphate (cGMP)2 3. 

Escalated levels of cGMP activate protein kinase G (PKG), which mediates the NO signaling4. 

PKG directly diminishes platelet reactivity by phosphorylating crucial proteins involved in 

platelet activation including inositol-1,4,5-triphosphate and receptor associated cGMP kinase 

substrate, known sources of calcium which provide a favorable environment for platelet 

activation5,44. NO causes platelet agonists such as ADP and thromboxane A2 to be less potent 

resulting in reduced integrin dimerization (e.g. αIIbβ3 and α2β1 in platelets), thereby reducing 

platelet activation and aggregation6. However, the integrity of the receptors glycoprotein VI 

(GPVI) and glycoprotein (GPIb) are thought to be maintained in the presence of NO because 

they are constitutively active, and thus can promote initial adhesion onto collagen and VWF, 

respectively7,6.  

In vitro studies of platelet function under flow show diminished adhesion, aggregation 

and spreading in the presence of NO or NO analogs. There is a dose-dependent increase in 
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platelet accumulation downstream from endothelial cells exposed to inhibitors of NO 

production8. Similarly, addition of the NO analog S-nitrosoglutathione to whole blood inhibits 

VWF-mediated platelet adhesion and spreading through regulation of αIIbβ3 at 1000 s-1 7. In this 

study, NO donor was added directly into the blood prior to a flow assay, and therefore was 

mixed homogeneously throughout the blood, rather than concentrated near the wall as expected 

in vivo. Alternatively, NO prepared as a 3.0% (vol/vol) solution in helium-deoxygenated saline 

has been introduced at the site of platelet adhesion through a porous membrane onto which the 

extracellular matrix was present and exposed to blood flowing at shear rates of 300-1800 s-1 8. 

Another approach reported the introduction of NO gas through a semipermeable membrane 

underneath adsorbed collagen or fibrinogen. Here, washed platelets were perfused over the 

surface at 250 s-1 and 750 s-1 with NO surface concentrations estimated as 0.02-0.15 nM. A 

surface concentration of ~0.09 nM was found to completely inhibit platelet deposition at all 

conditions9. However, in the absence of RBC, the concentration of platelets near the wall is 

much lower than would be found in whole blood (due to margination) and NO will not be 

eliminated by reaction with hemoglobin. There are no studies, that we are aware of, which have 

measured platelet function at a known NO wall flux using whole blood.  

NO secretion from endothelial cells is shear stress dependent with increasing shear stress 

leading to increased NO production10,11. Experiments conducted with cultured bovine aortic 

endothelial cells suggest a linear relationship between the shear stress and NO flux over the 

range of 2-10 dyn/cm2 10. Others have measured the time averaged nitrate/nitrite concentrations 

from cultured human umbilical vein endothelial cells and find a non-linear two phase 

relationship between NO production and shear stress – the initial phase dependent on the rate of 
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the change of shear stress and the sustained NO release dependent on the magnitude of the shear 

stress11.  

The relationship between shear stress, NO flux and NO transport has been estimated in 

several computational models12,13,14,15,16. Vaughn et al. incorporated the reaction with 

hemoglobin and a reaction-diffusion model of a 50 µm radius arteriole with a NO wall flux of 

3.2x10-10 mol cm-2 min-1. The NO reaction rate constant with RBC was varied between 15-1280 

s-1. Convective transport was assumed negligible due to relatively fast reaction of NO with 

hemoglobin. The NO concentration in the vessel varied from 0-250 nM and was a strong 

function of the size of the RBC free layer and the reaction rate constant with blood. A rate 

constant of 15 s-1 gave a NO concentration of 250 nM, which has been reported to be the 

effective half maximal concentration to activate its main receptor soluble guanylyl cylase3. Fadel 

et al. modeled the combined convection, diffusion, and auto-oxidation reaction and linearly 

related NO production to the wall shear stress 15. They found that the concentration at the wall is 

determined by a competition between shear stress dependent production of NO and enhanced 

removal by convective transport. The NO wall concentration within their computational domain 

(height of 750 µm and length of 5 cm) varied from 190-1100 nM  (shear stress range of 0.1-20 

dyn/cm2) in the absence of NO elimination with hemoglobin. A finite boundary layer was 

obtained at shear rates greater than 600 s-1 of approximately 100-150 µm, while at 10 s-1, the 

boundary layer does not completely develop within the length of the chamber15. Smith et al. 

reported a model that includes NO elimination by hemoglobin at a rate constant of ~ 30 s-1 and 

convection with a constant NO flux of 2.0×10-11 mol cm-2 s-1 14. They found that the hemoglobin 

had no effect on NO penetration and found a near wall concentration ranging from 1-100 nM. 

Whether NO penetration into the lumen of a vessel is transport or kinetically limited in these 
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models depends, in part, on the rate constant of NO with hemoglobin or blood. This rate constant 

varies widely in the literature (15-6500 s-1) 17. In addition to elimination with hemoglobin, this 

lumped reaction rate is thought represent several transport resistances including the RBC-free 

layer, packing of hemoglobin in RBCs and external diffusion limitations, many of which remain 

unknown. 

The objective of this study was to measure the relationship between NO wall flux, shear 

rate and inhibition of platelet aggregation. We decoupled shear rate and NO flux by 

incorporating NO releasing polymers with known NO fluxes into a microfluidic flow assay. In 

the experiments, we measured the effect of NO flux on collagen mediated platelet adhesion and 

aggregation in thrombin inhibited whole blood. The dynamic range of NO flux that inhibited 

platelet aggregation was determined for shear rates of 200, 500, and 1000 s-1. A computational 

model of NO transport within the microfluidic device was used to estimate the near-wall NO 

concentration and to identify the rate limiting transport mechanisms. We explored a range of first 

order rate constant of NO with blood to determine the rate-limiting step of NO transport. The 

implications of these transport limitations were then applied to models where the loss of 

endothelial cells was simulated for various sized injuries. 

3.3 Materials and Methods 

Here the materials and methods required to complete the experiments are described.  

3.3.1 Materials 

Type I equine tendon insoluble collagen was obtained from Chrono-log Corporation 

(Havertown, PA). 3,3'-Pacific Blue anti-human CD41 used to label platelets was purchased from 

BioLegend (San Diego, CA). Cy5 Annexin V used to label phosphatidylserine (PS) was obtained 

from BD Biosciences (San Diego, CA). Abciximab, an αIIbβ3 antagonist (ReoPro, Eli Lilly, 
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Indianapolis, IN), was obtained from University of Colorado Hospital pharmacy. Phe-Pro-Arg-

chloromethylketone (PPACK) was obtained from Haematologic Technologies Inc. (Essex 

Junction, VT).  Diazeniumdiolated dibutylhexanediamine (DBHD/N2O2) was prepared as 

previously reported18. Potassium tetrakis (4-chlorophenyl) borate (KTpC1PB) was obtained from 

TCI America (Portland, OR). Mallinckrodt tetrahydrofuran (THF) was purchased from Fisher 

Scientific (Phillipsburg, NJ). High molecular weight poly(vinyl chloride) (PVC) was obtained 

from Sigma Aldrich (St. Louis, MO). Plasticizer bis(2-ethylhexyl) sebacate (DOS) was procured 

from Acros (Springfield, NJ).  Phosphate buffered saline (PBS, composed of 137 mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4!2 H2O, 2 mM KH2PO4, pH 7.4), HEPES buffered saline (HBS, 

composed of 1M HEPES, pH 7.2), 10× Binding Buffer (Composed of 0.1 M HEPES, 1.4 M 

NaCl, 25 mM CaCl2, pH 7.4) and Tyrode’s buffer (Composed of 129 mM NaCl, 20 mM HEPES, 

12 mM NaHCO3, 2.9 mM KCl, 1.9 mM MgCl2, 0.34 mM Na2HPO4!12 H2O, pH 7.3) were made 

in-house. Microfluidic channels were molded with polydimethylsiloxane (PDMS), which was 

obtained from Sylgard 184 (Dow Corning, Midland, MI). 

3.3.2 Preparation of collagen coated NO-releasing polymer films 

Briefly, glass slides were coated in a NO releasing polymer films doped with various 

concentrations of NO donor (DBHD/ N2O2) and a top coat. The fluxes of each film preparation 

were measured using a Sievers chemiluminescence NO Analyzer ® NOA, model 280 (GE, 

Boulder, CO) as previously described19 (See Appendix A for details on preparation and 

characterization of films).  Collagen patterning was performed on all the NO releasing polymer 

films.  A positive control with no polymer coating was also included to measure the effects, if 

any, of the polymer film on platelet accumulation.  The uncoated control was a glass slide made 

hydrophobic via functionalization with octadecyltrichlorosilane (OTS)20. Type I equine tendon 
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insoluble collagen (Chrono-Log, Havertown, PA) was diluted with 1×PBS to achieve a 

concentration of 100 µg/mL. All slides were placed in FAST frame multislide plate containing 

incubation chambers (Whatman, GE Healthcare Sciences) and incubated with 100 µL of collagen 

for 1 h. The polymer preparations were not clamped down within the FAST frame to avoid 

tearing the films, and instead 100 g of weight were placed over the incubation chambers atop the 

polymer slides. Following incubation, the collagen solution was removed using soft-tip transfer 

pipettes and each slide was rinsed three times with 1×PBS, washed thoroughly with deionized 

water and dried. 5 mm x 5 mm squares of collagen were patterned specifically onto the bottom 

center half of the slide (Figure A.1).  

3.3.3 Blood collection and treatment 

All blood collection was performed in accordance with the Declaration of Helsinki and 

under the University of Colorado, Boulder Institutional Review Board approval. Human whole 

blood was obtained from donors through venipuncture. All donors had not consumed alcohol for 

48 h before, nor taken any prescription or over-the-counter drugs during the 10 days prior.  Five 

milliliters of whole blood required for the microfluidic assay were collected into a syringe 

containing 75 mM PPACK. The blood was then incubated for 10 min with Pacific Blue anti-

human CD41 (platelet label) at 1:100 in the absence or presence of 100 µg/mL abciximab.  

3.3.4 Whole blood flow assay over NO-releasing polymer films 

Polydimethylsiloxane (PDMS) microfluidic devices, containing four channels with a 

width of 500 µm and height of 50 µm, were used to simultaneously perfuse whole blood over 

each surface preparation using previously reported procedures21. Fluid was drawn through the 

microfluidic channels using a syringe pump (PHD 2000, Harvard Apparatus). Outlet channels 

were connected to a 250 µL, 500 µL or 1 mL syringe. The syringes were placed in the same 
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syringe pump and fluid was withdrawn at 12.5 µL/min, yielding shear rates of 200, 500 and 1000 

s-1. Whole blood was perfused through the device for 5 min at room temperature.  

3.3.5 Image analysis of platelet accumulation in flow assay 

Immediately following the perfusion of the whole blood, HBS containing 2 mM MgCl2 

and 2 mM CaCl2 was perfused through the device for 2 min to rinse out the blood.  Thrombi 

were then fixed with 2% glutaraldehyde in HBS for 2 min. Annexin V diluted 1:20 in 1×binding 

buffer was perfused through the device for 3 min and then the slide was rinsed with deionized 

water for 2 min. Coverslips were affixed to the slides using Permount medium (Cat # 50-277-97, 

Fisher Scientific). Platelet accumulation was imaged by confocal microscopy (Olympus 

Fluoview FV10i) using excitation/emission wavelengths of 488 nm/521 nm for the anti-CD41 

antibody and 630 nm/670 nm for Annexin V. Using a 60× objective (NA = 0.95), ten areas (210 

µm x 210 µm) were imaged 1, 1.5, 2, 2.5, and 3 mm downstream the start of the collagen patch.  

Thrombus heights were attained using the z-stack function on the confocal microscope. The Otsu 

method was used to threshold the image in ImageJ (NIH, Bethesda, MD). The average platelet 

aggregate size was calculated from the binary images using the Particle Analyzer function in 

ImageJ.  

3.3.6 Statistical Procedures 

Data are presented as a mean ± the standard error mean of 3-4 donors for each 

experimental condition. Control polymers were compared to the NO releasing polymers and OTS 

modified glass surface using a Mann-Whitney U-test. For the platelet aggregate heights and areas, 

significance within each shear rate was determined by a one-way ANOVA test and post hoc 

Tukey test was used to determine the critical NO flux defined as the flux required to be 
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statistically similar to the abciximab condition. A p-value of less than 0.05 was considered a 

statistically significant difference for all tests.   All calculations were conducted using Prism 5.   

3.3.7 Computational model of NO transport  

In order to estimate the NO concentration distribution in the experiment, we developed a 

model of NO transport from the wall at a constant flux flowing into a fluid where the NO can 

react with oxygen and hemoglobin. The details of the conservation and constitutive equations 

used in the model, as well as the grid and solver details can be found in Appendix A and Figure 

A.2. Briefly, the steady-state solute conservation equation was solved in a computational domain 

with the exact dimensions of the microfluidic assay described above. NO was subject to 

elimination by second-order reaction with oxygen (kO2) and first order reaction with blood (kB) 

that represents elimination by hemoglobin in RBC and the associated mass transfer barriers. A 

commercial finite element method software (COMSOL) was used to solve the conservation 

equations.  The computational domain was divided into subdomains; (i) a platelet rich layer 

(PRL) near the channel wall that has a thickness of ~3 µm absent of RBC where NO is 

eliminated by oxidation, and (ii) a bulk domain consisting of RBC where NO is eliminated by 

oxidation and reaction with blood. This model was extended to simulate an injury where NO was 

not released from a 100 µm section of the wall in order to estimate the axial transport of NO near 

an injury site. Because the magnitude of kB is a source of considerable debate we ran each 

simulation at the low end (100 s-1) and high end (6500 s-1) of reported values 17.  

3.4 Results 

Table 3.1 summarizes the experimental conditions used in this study. Human whole 

blood was perfused over fibrillar type I collagen adsorbed to the NO releasing polymer films. Six 

NO flux conditions ranging from 0.07 – 12×10-10 mol cm-2 min-1 were tested at three wall shear 
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rates (200, 500 and 1000 s-1).  Computational simulations of NO transport were performed with 

the same flux and shear rate conditions as the experiments to estimate the near wall NO 

concentration. 

 
 

Table 3.1: Experimental conditions and computational results from whole blood flow assays 
over NO releasing polymer films. The NO flux from polymer films was measured 
experimentally. Pe was calculated from Eqs. A.14 – A.16. The effective penetration depth (λ) 
and the average NO concentration in PRL were calculated from simulations.  

Wall shear 
rate (s-1) 

Flux  (×10-10 
mol /cm2 

min) 
Pe* 

Effective 
Penetration 

Depth, λ (µm) 
kB=100 s-1**  

Effective 
Penetration 

Depth, λ (µm) 
kB=6500 s-1**  

Avg NO 
Conc in 

PRL 
(nM) 

kB=100 s-

1***  

Avg NO 
Conc in 

PRL 
(nM) 

kB=6500 s-

1***  
200 0.07 19 0 0 3 1 
200 0.33 19 1.5 1.5 12 3 
200 0.4 19 2.7 1.8 14 4 
200 2.5 19 13 4.8 90 24 
200 6.8 19 19 6.8 240 65 
200 12 19 22 8.4 430 110 
500 0.07 48 0 0 2.5 0.67 
500 0.33 48 1.5 1.5 12 3 
500 0.4 48 2.7 1.8 14 4 
500 2.5 48 13 4.8 90 24 
500 6.8 48 19 6.8 240 65 
500 12 48 22 8.4 430 110 

1000 0.07 94 0 0 2.5 0.67 
1000 0.33 94 1.5 1.5 12 3 
1000 0.4 94 2.7 1.8 14 4 
1000 2.5 94 13 4.8 90 24 
1000 6.8 94 19 6.8 240 65 
1000 12 94 22 8.4 430 110 

* The Pe number is defined as the following:  

** The effective penetration depth was found at x = 5.5 mm and was determined to be the depth in which 
concentration was greater than or equal to 12 nM and 3 nM for a kB of 100 and 6500 s-1, respectively. If the 
concentration of NO was less than these values, it was considered a subthreshold concentration. 
*** The average concentration of NO in the PRL was determined over the range of x = 5-10 mm and y = 1-3 µm.  
 

Pe = Uh
2D
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3.4.1 Characterization of NO polymer   

The NO polymer consists of two layers: a NO-releasing film containing the NO donor 

and a top coat that regulates the diffusion of water into the base layer. Polymer solutions were 

drop coated within a 33 mm × 83 mm incubation chamber. A combination of 5 mL of the NO-

releasing solution followed by 4 mL of the top coat solution gave a bilayer thickness of 110 µm 

± 6 µm. There was an initial transient increase in NO flux over ~15 min, after which, the flux 

reached a steady state that was maintained for several hours (Figure 3.1). Blood flow assays were 

performed after 1 hr of buffer exposure and the duration of the assay was 5 min, so we assumed 

that the flux was constant during course of the flow assay. The average NO flux of the polymer 

films ranged from 0.07-12×10-10 mol cm-2 min-1, spanning below and above measured fluxes of 

0.4-5×10-10  mol cm-2 min-1  obtained from endothelial cells within a static environment22.  

Table 3.2 shows the average NO flux from 1-2 hours for each NO wt%. Flow assays were 

always conducted during this time period. The measured fluxes were assumed to be comparable 

to NO fluxes in the blood flow assays, and as such, all subsequent results are presented in terms 

of NO flux.  

 

 

 

 

 

 

 
Figure 3.1: Flux of NO from polymer coated glass coverslips loaded with 0.2 wt% or 4 wt% NO 
donor. These loading represent the minimum and maximum used in flow assay experiments. 
The generation of NO gas was determined by chemiluminescence.  
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3.4.2 The effect of NO flux on platelet aggregation  

Platelet aggregate size was influenced by NO flux in whole blood flow assays over 

collagen-functionalized substrates at 200 s-1 and 500 s-1 (Figure 3.2). At the highest NO flux 

range (6.8×10-10 mol cm-2 min-1 -12×10-10 mol cm-2 min-1), single platelets adhered on the surface, 

but no aggregates were observed.  At the mid NO flux range (0.40×10-10 mol cm-2 min-1  – 

2.5×10-10 mol cm-2 min-1), there was a combination of platelet aggregates surrounded by 

individual platelets adhered on the surface. At low surface fluxes (0.07×10-10 mol cm-2 min-1 - 

0.33×10-10 mol cm-2 min-1) and control conditions, the platelets formed larger aggregates. 

Annexin V was perfused over the surface to measure PS exposure, a marker for platelet 

activation, following the blood flow assay. All platelet aggregates were PS positive, even at the 

highest flux. Figure 3.3 shows representative images at 500 s-1. No axial dependence in platelet 

accumulation was observed. Human whole blood was perfused over the control polymer and 

compared to OTS modified glass, which was meant to mimic the hydrophobic surface of the 

polymer. There was no statistical difference in thrombus heights and the size of platelet 

aggregates between the control polymer and OTS samples (data not shown). 

Table 3.2: NO flux as a function of loading of NO donor. The NO donor (DBHD/N2O2) was 
loaded into PVC-DOC-THF polymer solution at various weight percentages to modulate NO 
flux. The flux was measured by chemiluminescence over 2 hr and is reported as the average flux 
+/- standard deviation (n=5) from 15 min to 2 hr.    

NO 
Weight % 

NO Flux 
(×10-10 mol 

/cm2 min) 
0.02 0.07 ± 0.03 
0.08 0.33  ± 0.05 
0.2 0.40  ± 0.07 
0.8 2.5  ± 1.8 
2 6.8  ± 2.9 
4 12  ± 7.8 
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Consequently, we concluded that the differences in platelet aggregation obtained on the NO 

polymer were due to the release of NO, and not any intrinsic surface properties of the polymer 

top coat.  

For each experimental condition, the average platelet aggregate area and average platelet 

aggregate height were measured. There were ~200 aggregates measured in each assay. Platelet 

aggregates were categorized as less than 20 µm2, between 20-1000 µm2, and greater than 1000 

µm2.  There was a similar frequency of platelet aggregates less than 20 µm2 and between 20 -

1000 µm2 for all conditions tested. However, there was a significant difference (p<0.05) between 

experimental conditions when comparing platelet aggregates greater than 1000 µm2 at a flux of 

Figure 3.2: Representative images of platelet accumulation on type I fibrillar collagen 
adsorbed to polymer surfaces at 200, 500 and 1000 s-1 at NO wall fluxes of 0.4×10-10 mol cm-2 
min-1 and 6.8×10-10 mol cm-2 min-1 The negative control is a polymer with no NO donor 
(control). The positive control is inhibition with abciximab. Platelets are labeled with an anti- 
CD41 antibody. Scale bar = 25 µm. 
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2.5×10-10 mol cm-2 min-1 at 200 s-1 and 500 s-1 (Figure 3.4a-c). A flux of 0.07 mol cm-2 min-1 

resulted in no differences (p>0.05) in height compared to the control sample at all shear rates. At 

200 s-1 and 500 s-1, an effect was observed at a flux of 0.33×10-10  mol cm-2 min-1. However at 

1000 s-1, the NO flux did not have an effect, even at the highest flux of 12×10-10 mol cm-2 min-1  

(Figure 3.4d).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3: Activated platelets adhere to and aggregate on type I fibrillar collagen on NO 
releasing polymer surfaces at 500 s-1. Annexin V (red) labels PS positive platelets and anti-CD41 
(green) labels all platelets. A control, mid range flux (0.4×10-10 mol cm-2 min-1) and high range 
flux (6.8×10-10 mol cm-2 min-1  ) are shown. Scale bar = 25 µm. 
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To determine the maximum inhibition possible, each condition was compared to an assay 

ran in the presence of abciximab, an αIIbβ3 antagonist, that completely inhibits platelet 

aggregation. Experiments done with abciximab revealed an average platelet height of less than 1 

µm and an average platelet area of 5-10 µm2.  Any fluxes that lead to platelet accumulation that 

was statistically indistinguishable (p > 0.05) from the abciximab condition were considered to 

have achieved maximal inhibition. At 200 and 500 s-1, the NO flux that resulted in maximum 

Figure 3.4: Platelet aggregates decrease in size with increasing NO flux. Platelet aggregate areas 
are categorized by size; < 20 µm2, 20 - 1000 µm2 and > 1000 µm2 for each NO flux at (a) 200, 
(b) 500 and (c) 1000 s-1.  (d) Platelet aggregate heights are shown at the same conditions as 
aggregate areas (n = 3-4 donors for all conditions). All conditions are compared to abciximab, 
representative of maximal platelet aggregation inhibition. Error bars indicate standard error of 
the mean across donors at each condition. Significant differences (p<0.05) are denoted by *. 
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inhibition with respect to platelet aggregate height and area was 2.5×10-10 mol cm-2 min-1. Thus 

the dynamic range of NO fluxes that are capable of inhibiting platelet aggregation as measured 

by height in this assay are between 0.33×10-10 mol cm-2 min-1 and 2.5×10-10 mol cm-2 min-1.   

3.4.3 NO concentration at the wall and within the platelet rich layer (PRL)  

In the flow assay experiments we varied the NO flux and the wall shear rate. We 

developed a computational model to predict the concentration distribution of NO under these 

experimental conditions (Figure 3.5a). The model was performed using first order rate constants 

of NO elimination by hemoglobin in RBC (kB) of 100 s-1 and 6500 s-1. The average NO 

concentration within the PRL over the collagen injury is reported in Table 3.1. The minimum 

flux required to see reduced platelet aggregation was 0.33×10-10 mol cm-2 min-1, corresponding 

to a NO concentration of 3 nM and 12 nM for 100 s-1 and 6500 s-1. A flux of 2.5×10-10 mol cm-2 

min-1 was required to completely inhibit aggregation and correlated to a NO concentration of 24 

nM and 90 nM in the PRL at kB of 100 s-1 and 6500 s-1. 

The penetration and accumulation of NO into the channel can be characterized by the 

relative rates of transport and elimination mechanisms. The Peclet (Pe) number represents the 

rate of convection to the rate of diffusion. In the experiment, Pe number ranged from 19-94 over 

shear rates of 200-1000 s-1 indicating convective transport dominates outside the momentum 

boundary layer. The first Damkoher number, DaI, compares the NO elimination by reaction with 

oxygen to diffusion in the PRL (DaI = kO2JNOδ3/DNO
2) and was found to range from 10-8-10-6. 

This means that diffusion from the wall to the edge of the PRL was much faster than elimination 

by oxygen. The second Damkohler number, DaII,  which is appliciable in the bulk of fluid where 

the local Pe number is greater than one (domain 1, Figure A.2), represents the rate of elimination 

of NO by reaction with blood compared to the rate of  mass transfer (kg) from the wall into the 
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bulk (DaII = kBh/2kg).  For all fluxes and wall shear rates, DaII was 11 for kB = 100 s-1 and 330 for 

6500 s-1, indicating that the reaction with blood in the bulk was faster than the mass transfer. The 

NO concentrations in the PRL at each flux were a weak function of shear rate (Table 3.1). The 

shear rate had a slight effect in the entry region of the channel at a kB of 100 s-1 (Figure 3.5b,c). 

At a kB of 6500 s-1, all shear rates and the static condition were identical (Figure 3.5b,c). Outside 

of the entry region, the normalized NO concentration was independent of wall shear rate (Figure 

3.5d). As expected, the penetration into the lumen of the channel was greater for kB = 100 s-1 

than for kB = 6500 s-1 (Table 3.1, Figure 3.5d). 

The fidelity of the computational grid and solver were validated by a comparison to the 

analytical solution for the 1D diffusion-reaction conservation of mass with a constant wall flux 

BC (Eqs. A.17-A.18, Appendix A). The NO concentration distribution in the direction 

perpendicular to the flow (y-direction) was calculated at four different points in the y direction (1, 

5, 10 and 25 µm).  Less than a 5% difference was found between the analytical solution and 

corresponding computational solution at each shear rate. 

3.4.4 Injury Model 

We extended the model to simulate how the loss of endothelial cells at the site of an 

injury affects the NO transport surrounding the injury. An injury size of 100 µm was investigated, 

starting in a fully developed region (~1 mm downstream of the inlet) (Figure 3.6). All simulation 

conditions were identical to those described above, except within the injury zone the bottom (y = 

-h/2) boundary condition was set to a zero flux.  Concentration profiles for each injury size were 

assessed at low and high NO fluxes (JNO,low = 0.07×10-10 mol cm-2 min-1, JNO,high = 12×10-10  mol  
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Figure 3.5: (a) NO distribution within the entry region of the channel as function of NO flux at 
shear rates of 200 and 1000 s-1 at kB = 100 s-1. NO wall concentrations in the entry region for 
fluxes of 0.07×10-10 mol cm-2 min-1 (b) and 12×10-10 mol cm-2 min-1 (c), at shear rates of 200 s-1 
(-·-), 500 s-1 (--) and 1000 s-1 (···). The solid line (—) indicates static conditions. (d) Normalized 
NO concentration into the lumen of the channel (perpendicular to flow) at x = 5.5 mm as a 
function first order rate constant for elimination in the blood (kB

). The profile in the height 
direction is effectively independent of shear rate.   
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cm-2 min-1) and low and high wall shear rates (γlow = 200 s-1, γhigh 
= 1000 s-1). At a kB of 100 s-1, 

the rate of the NO decay over the injury was determined by the shear rate and NO flux. As 

expected, a higher flux led to a higher residual concentration of NO in the injury zone. A higher 

shear rate also led to a higher residual concentration, presumable due to enhanced axial 

convection. At a kB of 6500 s-1 for both shear rates and fluxes, the NO concentration dropped to 

zero within 5 µm of the edge of the injury zone.   

Figure 3.6: NO wall concentration profiles along an simulated injury of length of 100 µm. The 
injury zone, which starts at x = 50 µm, simulates the loss of NO flux due to the absence of 
endothelial cells.  Concentration profiles for each injury size at a flux of 0.07×10-10 mol cm-2 
min-1 at (a) 200 s-1 and (b) 1000 s-1 and at a flux of 12×10-10 mol cm-2 min-1 at (c) 200 s-1 and (d) 
1000 s-1. For all graphs, black denotes a kB of 100 s-1 and grey shows a kB of 6500 s-1 
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3.5 Discussion 

The purpose of this study was to determine the transport limitations of NO mediated 

inhibition of platelets over a physiologic range of shear rates. We integrated a NO-releasing 

polymer into a microfluidic flow assay to determine the dynamic range of NO fluxes that would 

inhibit collagen mediated platelet aggregation. A computational model of NO transport was 

developed to estimate the NO concentration profiles under the experimental conditions, and to 

extrapolate experimental results to the case where an injury would cause a disruption of the 

endothelium.  

The dynamic range of NO fluxes affecting platelet aggregation in our flow assay was 0.33 

×10-10 mol cm-2 min-1 to 2.5×10-10 mol cm-2 min-1. A flux of 0.33×10-10 mol cm-2 min-1 

measurably inhibited platelet aggregation at wall shear rates of 200 s-1 and 500 s-1. A 

computational model of the experiments estimates that this flux results in an average NO 

concentration of 3 to 12 nM for rate constants of 100 s-1 and 6500 s-1, respectively, independent 

of shear rate. The NO flux required to completely inhibit platelet aggregation was 2.5×10-10 mol 

cm-2 min-1, corresponding to 24-90 nM within the PRL at 200 and 500 s-1. These concentrations 

are within range of measured arterial NO concentrations (2 nM23 - 1 µM24).   

 This is first study to quantify the effect NO wall flux on platelet adhesion and aggregation 

over a range of shear rates in whole blood. Roberts et al. added a NO donor exogenously and 

mixed homogenously throughout the blood, which does not capture the spatial dependence of 

NO release from the vessel wall7. De Graaf et al. released NO from the wall via a saline solution 

at 3.0% NO, but the resulting concentration of NO was not reported8. Ramamurhti and Lewis 

introduced gaseous NO into a flow assay through a permeable membrane and estimated that a 

NO concentration of 0.09 nM completely inhibited platelet adhesion and aggregation on 
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collagen9. This concentration is more than three orders-of-magnitude lower than the critical 

concentration found in this study. The likely explanation for this difference is their use of a 

suspension of washed platelets compared to our whole blood experiment. In the absence of RBC, 

the near-wall density of platelets would be significantly reduced and there would be no 

elimination of NO via hemoglobin.  

The same NO flux was required to achieve complete aggregation inhibition at 200 s-1 and 

500 s-1. The mass transfer from the wall is weakly related to shear rate (γ1/3), so it is not 

surprising that there was no measurable difference between the two shear rates. These results are 

consistent with the prediction of the computational model, as all effective penetration depths 

were identical at both shear rates except for at 0.33×10-10  mol cm-2 min-1, where the penetration 

depth was reduced at 500 s-1 yet still was greater than the PRL thickness (~3 µm).  

 In all cases, annexin V labeling indicated that the platelets exposed PS, a marker for 

GPVI outside-in signaling25. This result is in agreement with previous studies showing that GPVI 

is constitutively active even in the presence of NO. Platelets under flow can still bind to collagen 

via their GPVI receptor6. Integrins α2β1 and αIIbβ3, known to sustain stable adhesion, aggregation 

and spreading7, are less active in the presence of the NO6. Diminished α2β1 and αIIbβ3 

dimerization could explain the reduction in platelet aggregate height and area in flow assays.  

Our computational model of NO transport of the experimental conditions in an in vitro flow 

assay showed that NO penetration into the lumen was transport limited. The primary determinant 

of NO concentration in the lumen was the first order rate constant with blood. These prediction 

are similar to previous models 13,12. For example, Vaughn et al. used a NO flux of 3.2×10-10  mol 

cm-2 min-1, slightly greater than our critical value 2.5×10-10  mol cm-2 min-1, and found NO 

concentration to vary from 25-100 nM with rate constants of 230,000-150 s-1. A rate constant of 



 64 

15 s-1, much lower than most reported values, was required to obtain a concentration of 250 nM, 

the dissociation constant of sGC3. Subsequent studies have suggested that the sCG dissociation 

maybe closer to 1 nM26, which is similar to the effective concentration found in this study (3-12 

nM in PRL). The majority of recent studies on NO elimination in the presence of RBC report 

reaction rate constants in the range 1000-6500 s-1 27,17, leading us to believe that the lower end of 

our concentration range (3 nM) is more representative. Smith et al. reported that the convective 

transport was insensitive to NO scavenging by hemoglobin at a NO flux of 0.20×10-10  mol cm-2 

min-1, slightly less than the effective flux (0.33×10-10  mol cm-2 min-1) found in this study,  

because the NO-hemoglobin binding rate was slow relative to the convection. Differences 

between our models are attributed to their low reaction rate constant (30 s-1)14.    

There are a few notable limitations of the experimental and computational models. First, 

whole blood in the experiments was collected into the thrombin inhibitor PPACK. Consequently, 

the effect of NO on platelet aggregation was primarily inhibiting ADP and thromboxane A2 

mediated activation. In the computational model, blood was considered to be a Newtonian fluid 

because it was perfused at shear rates greater than or equal to 200 s-1. But the model does not 

take into account the particulate nature of the blood, which will likely influence the solute 

transport by enhanced mixing28. The only source of NO in the model is the NO releasing 

polymer on the bottom of the channel. However, RBC and platelets are other potential sources of 

NO29,30. The channel height used in the experiments is typical of venules and arterioles, and 

therefore our results may be limited to small vessels. Additionally, the platelet aggregates were 

only measured by height and area measurements. Quantifying the volume of the platelet 

aggregates would better account for the variable shape of different deposits.  
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An injury model was presented to estimate the bioavailability of NO within the vicinity of an 

injury as various sized sections of NO flux were removed to mimic loss of endothelial cells. It 

was shown that the severity of the injury is related to the magnitude of the flux and shear rate at a 

kB of 100 s-1. An increase of shear rate was found to prolong the NO effect over the injury zone. 

At a kB of 6500 s-1, the shear rate did not affect the concentration profile, and virtually no NO 

was present in the injury zone. These results suggest that the ability of NO to regulate thrombus 

growth maybe limited to the periphery of an injury where NO concentration are within their 

effective range. The injury model does not take into account possible upregulation of NO sources, 

eNOS and iNOS 31, or negative feedback mechanisms16 within an injury zone, which may be 

important in vivo. 

3.6 Conclusions 

We have developed an assay that decouples the effect of shear rate and NO flux on 

platelet function by incorporating of NO releasing polymers within microfluidic vascular injury 

model. To our knowledge, no previous platelet function study under flow has been done at a 

defined wall flux of NO with whole blood. It was shown that NO begins to have an effect on 

collagen mediated platelet aggregation at an NO flux of 0.33×10-10 mol cm-2 min-1 and complete 

abrogation of platelet aggregation was attained at a NO flux of 2.5×10-10 mol cm-2 min-1 at 200 

and 500 s-1. A computational model was used to estimate transport limitations of NO and 

estimate NO concentrations within the experiment. A near-wall NO concentration of 3-90 nM 

was predicted to be the dynamic range over which platelet aggregation was inhibited. NO 

concentration of >100 nM completely abrogated platelet aggregation. The penetration depth and 

local NO concentration were found to be transport limited, with the rate of elimination of NO in 

whole blood to be the primary determinant of NO distribution in the lumen.  
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CHAPTER 4   

THE RELATIVE ROLE OF SOLUBLE GUANYLYL CYLASE DEPENDENT AND 
INDEPENDENT PATHWAYS IN NITRIC OXIDE INHIBITION OF  

PLATELET AGGREGATION UNDER FLOW 

This chapter is modified from a paper published in 

Cellular and Molecular Engineering1 

J. L. Sylman2, S. M. Lantvit3,  

 M. M. Reynolds4, and K. B. Neeves5 

4.1 Abstract 

Endothelial cell derived nitric oxide (NO) inhibits the activation and aggregation of 

platelets. NO inhibition occurs through the intracellular receptor soluble guanylyl cyclase (sGC)-

dependent pathways, but there is also evidence of sGC-independent pathways at high NO 

concentrations. In this study, we integrated a NO-releasing polymer into a microfluidic vascular 

injury model to measure the relative roles of sGC-dependent and sGC-independent pathways as 

function of NO flux and shear rate. Whole blood was perfused at 200-1000 s-1 over collagen with 

NO wall fluxes of 0.4 and 6.8 × 10-10 mol cm-2 min-1, and 1H-[1,2,4]oxadiazolo[4,3-

a]quinoxalin-1-one (ODQ) was used to inhibit sGC. A sGC-independent pathway dominated 

inhibition of platelet aggregation at high NO flux, while the sGC-dependent pathway dominated 

at low NO flux independent of shear rate. Experiments performed with inhibitors of thrombin or 

an antagonist of the ADP receptor P2Y12 showed that platelet aggregation was primarily driven 

                                                

1 Reprinted with permission of the Annals of Biomedical Engineering, (2013), 41, 2193-2205 
2 Primary author and researcher 
3 Co-author, Collaborator from Department of Chemistry at Colorado State University 
4 Co-principle investigator, Collaborator from Department of Chemistry at Colorado State University 
5 Author for correspondence, advisor 
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by ADP, but that the sGC-independent pathway dominated in both cases at high NO flux. These 

data suggest that a sGC-independent pathway may play an important role under conditions where 

NO flux is elevated such as inducible nitric oxide mediated NO production at the site of a 

vascular injury.  

4.2 Introduction 

The formation of a stable blood clot is a balance between pro- and antithrombotic 

mechanisms coupled to local hemodynamics. A disruption in this balance can lead to excessive 

(thrombosis) or deficient (bleeding) clot formation. In this study, we examined how nitric oxide 

influences platelet adhesion and aggregation on collagen under physiologic flow conditions. 

Figure 4.1 gives an overview of the platelet signaling pathways relevant to this study. Platelets 

adhere to collagen and von Willebrand factor (VWF) in the subendothelial matrix at the site of a 

vascular injury. Collagen and VWF activate platelets through the glycoprotein VI and Ibα-V-IX 

receptors, respectively, which in turns leads to the release or production of soluble agonists that 

promote platelet activation and aggregation. ADP is released from platelet dense granules and 

activates platelets through the receptors P2Y1 and P2Y12. Thromboxane A2 (TxA2) is synthesized 

in the platelets by cyclooxygenase 1 and activates through the thromboxane-prostanoid receptors. 

Thrombin is produced by a series of reactions known as coagulation, and in this study, is 

primarily generated on the surface of activated platelets that expose the lipid phosphatidylserine. 

Thrombin activates platelets through the protease-activated receptor PAR1 and PAR4. Through 

their respective signaling pathways all of these soluble agonists result in increased intracellular 

calcium, which in turn leads to rearrangement of the cytoskeleton and dimerization of the 

integrin αIIbβ3 that supports platelet-platelet aggregation via its ligands fibrin(ogen) and VWF.  
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 Endothelial cell-derived nitric oxide (NO) blunts the response to platelets agonists by 

several mechanisms1. Following passive diffusion of NO through the plasma membrane it 

interacts with the heme binding site on the intracellular receptor soluble guanylyl cyclase (sGC), 

which in turn promotes upregulation of cyclic guanosine monophosphate (cGMP). Increased 

levels of cGMP activate protein kinase G (PKG).1 PKG reduces platelet reactivity by 

phosphorylating inositol-1,4,5-triphosphate and its receptor, preventing agonist-induced 

increases in calcium concentration.2 Through this signaling cascade, NO reduces the potency of 

soluble platelet agonists ADP, thrombin and thromboxane A2.3 This in turn reduces integrin 

dimerization (αIIbβ3 and α2β1) and thus platelet aggregation and spreading (Figure 4.1). Platelets 

from sGC deficient mice show aggregation, adhesion, calcium mobilization and bleeding times 

that are independent of NO.4  

 There is growing evidence that sGC-independent mechanisms also exist, likely via NO-

mediated protein s-nitrosylation5 and nitration6. Aggregation of platelets from platelet- and 

megakaryocyte-specific sGC deficient mice shows that the inhibitory effect of the NO donor 

sodium nitroprusside (SNP) is sGC-dependent at micromolar concentrations, but sGC-

independent at millimolar concentrations.7 SNP inhibition of αΙΙbβ3-fibrinogen binding is 

irreversible upon addition of the soluble guanylyl inhibitor 1H-[1,2,4]oxadiazolo[4,3-

a]quinoxalin-1-one (ODQ) at a concentration of 1 mM SNP.4,6 One proposed sGC-independent 

mechanism is enhanced calcium uptake into intracellular stores via activation of the 

sarco/endoplasmic reticulum calcium-ATPase (SERCA) (Figure 4.1).8-10 Wanstall et al., 

studying cGMP-independent relaxation of vascular smooth muscle cells in the rat pulmonary 

artery, found ODQ-resistant relaxation was abolished by inhibition of SERCA.9 Similar findings  
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Figure 4.1: NO-mediated signaling in platelets. Platelets adhere to collagen and von Willebrand 
factor via the glycoprotein VI (GPVI), α2β1 and glycoprotein Ibα-V-IX (GPIbα-V-IX) receptors. 
Signaling through these adhesion receptors results in the release of adenosine phosphate (ADP) 
from dense granules, the production thromboxane A2 (TxA2) and generation of thrombin on the 
activated platelet surface. These soluble agonists bind to their respective receptors and 
ultimately lead to an increase intracellular calcium (Ca2+) concentrations that causes 
cytoskeleton rearrangement and integrin activation (green arrows). NO reduces platelet through 
soluble guanalyl cyclase (sGC)-dependent and potentially sGC-independent mechanisms. NO 
binds to sGC, promoting the upregulation of protein kinase G (PKG) and phosphorylation of 
proteins involved in calcium release (red arrows). One proposed sGC-independent mechanism is 
that high concentrations NO lower the intracellular calcium concentration by enhancing 
sarco/endoplasmic reticulum calcium-ATPase (SERCA) activity, sequestering calcium into 
intracellular stores (All platelet inhibition steps shown in red). Notation: ADP receptors P2Y1 
and P2Y12; endothelial nitric oxide synthase (eNOS); inducible nitric oxide synthase (iNOS); 
glycoprotein IIb/IIIa (αΙΙbβ3); cyclic guanosine monophosphate (cGMP); cyclic guanosine 
triphosphate (GTP); thrombin receptors protease activated receptor 1 and 4 (PAR1 and PAR4); 
thromboxane-prostanoid receptors (TPα, TPβ); smooth muscle cells (SMC) 
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were reported for rat platelets.10 The evidence for a sGC-independent pathway and its role in 

platelet function has been limited to platelet aggregometry and spreading assays which do not 

account for shear stress dependent platelet adhesion and aggregation mechanisms or shear rate 

dependent transport of soluble agonists and inhibitors11,12.  

Measuring the influence of NO on platelet function under flow is particularly challenging 

owing to the lack of methods for controlling NO wall flux and the short half-life (seconds) of NO 

in blood. The most common in vitro approaches involve cultured endothelial cells13. However, 

these approaches do not allow for the decoupling of shear stress and NO flux, and it is difficult to 

measure the precise NO flux and local NO concentrations14. We previously addressed this issue 

by integrating a NO-releasing polymer with a known NO flux into an in vitro flow assay paired 

with a computational model of NO transport to estimate near-wall NO concentrations.15 The NO-

releasing polymer was synthesized to give NO fluxes ranging from 0.07 × 10-10 – 12 × 10-10 mol 

cm-2 min-1, which is below and above the reported fluxes from cultured endothelial cells.16 The 

range of NO fluxes that inhibit platelet aggregation on type I collagen under flow is 0.3 × 10-10 

mol cm-2 min-1 to 12 × 10-10 mol cm-2 min-1, with near complete inhibition of aggregation at 

fluxes greater than 2.5 × 10-10 mol cm-2 min-1.15  

The objective of this study was to use our NO-releasing polymer approach to delineate 

the sGC-independent and sGC-dependent pathways as a function of NO flux, shear rate and 

platelet agonist. We describe a microfluidic model that incorporates at NO releasing polymer 

using best practices for blood flow assays17,18,19. We chose NO fluxes of 0.4 × 10-10 mol cm-2 

min-1 and 6.8 × 10-10 mol cm-2 min-1 to represent the low and high end of the dynamic range of 

fluxes that we had previously showed to inhibit platelet aggregation in this assay. The effect of 

NO in the presence of a small molecule sGC inhibitor (ODQ) was considered indicative of an 
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independent pathway. The sGC-independent pathway dominated platelet inhibition at high NO 

flux, while sGC-dependent pathways dominated at low NO flux. Platelet aggregation was 

predominantly driven by ADP and downstream signaling of the sGC-independent pathway 

inhibited activation by thrombin and ADP. Blocking calcium ion uptake via SERCA eradicated 

all effects of NO with and without ODQ suggesting that the sGC-independent pathway acts by 

resequestering calcium into intracellular stores. 

4.3 Materials and Methods 

4.3.1 Materials 

Type I equine tendon insoluble collagen was from Chrono-log Corporation (Havertown, 

PA). 3,3'-Pacific Blue (488 nm/521 nm) anti-human CD41 used to label platelets was from 

BioLegend (San Diego, CA). Phe-Pro-Arg-chloromethylketone (PPACK) was from 

Haematologic Technologies Inc. Essex Junction, VT).  Diazeniumdiolated dibutylhexanediamine 

(DBHD/N2O2) was prepared as previously reported.20 Potassium tetrakis (4-chlorophenyl) borate 

(KTpC1PB) was from TCI America (Portland, OR). Tetrahydrofuran (THF) was from Fisher 

Scientific (Phillipsburg, NJ). High molecular weight poly(vinyl chloride) (PVC), 2-

Methylthioadenosine 5′-monophosphate triethylammonium salt hydrate (2-MeSAMP) and 

heparin sulfate were from Sigma Aldrich (St. Louis, MO). Plasticizer bis(2-ethylhexyl) sebacate 

(DOS) was from Acros (Springfield, NJ). 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) 

was from Cayman Chemical Company (Ann Arbor, MI). 2,5-Di-(t-butyl)-1,4-hydroqinone 

(BHQ) was from Calbiochem. Phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 

mM Na2HPO4•2 H2O, 2 mM KH2PO4, pH 7.4), HEPES buffered saline (HBS; pH 7.2) and 

isotonic glucose buffer (5% dextrose, pH 2.7) were made in-house. Polydimethylsiloxane 

(PDMS) was from Sylgard 184 (Dow Corning, Midland, MI). 
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4.3.2 Preparation of collagen coated NO-releasing polymer films 

Glass slides were coated in a NO releasing polymer doped with 0.2 wt% or 2 wt% NO 

donor (DBHD/ N2O2) corresponding to NO fluxes of 0.4 and 6.8 ×10-10 mol cm-2 min-1 as 

previously reported.15 To fabricate the films, the NO donor was dissolved in a base coat polymer 

(720 mg of DOS, 1440 mg of PVC and KTpC1PB in a 1:1 molar ratio with DBHD/ N2O2 in 20 

mL of THF). A top coat composed of the same components as the base coat (705 mg of DOS and 

362 mg PVC dissolved in 20 mL of THF), except without NO donor and KTpC1PB helps 

regulate the NO flux by controlling water uptake and helping to prevent donor leaching.15 Type I 

equine tendon insoluble collagen (Chrono-Log, Havertown, PA) was diluted with glucose buffer 

to achieve a concentration of 500 µg/mL and then incubated on the polymer surface within a 

microfluidic channel (length = 5.5 cm, width = 250 µm, height = 50 µm) for 1 h (Figure B.1). 

Following incubation, excess collagen solution was removed by flowing HBS through the 

channel. The microfluidic device was removed, and the polymer coated slide was rinsed 

thoroughly with deionized water and dried leaving a 250 µm collagen strip that was oriented 

perpendicular to the direction of blood flow in the whole blood flow assay.  

4.3.3 Blood collection and treatment 

Human whole blood was obtained from donors through venipuncture. All donors had not 

consumed alcohol for 48 h before, nor taken any prescription or over-the-counter drugs during 

the 10 days prior. Five milliliters of whole blood were collected into a syringe containing 75 mM 

PPACK and 5 U/mL heparin sulfate or 3.8% sodium citrate. Samples used to test for sGC-

independent pathways were incubated with the sGC inhibitor ODQ (20 µM or 2 mM) for 20 min. 

Samples used to test for the effect of ADP were collected into sodium citrate and incubated with 

the P2Y12 antagonist 2-MeSAMP (100 µM) for 20 min. All samples were incubated with Pacific 
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Blue anti-human CD41 (platelet label) at 1:100 and resensitized in a 37°C water bath to remove 

autocrine ADP and traces of thrombin for 10 min21. Where indicated, whole blood was treated 

with the SERCA inhibitor BHQ (50 µM) for 5 min. As a negative control, ODQ-treated blood 

was perfused over a polymer coating containing no NO donor to measure the effect of ODQ on 

platelet function. Citrated blood was recalcified to 7.5 mM CaCl2 and 3.75 mM MgCl2 

immediately before a flow assay. 

4.3.4 Whole blood flow assay over NO-releasing polymer films 

Polydimethylsiloxane (PDMS) microfluidic devices, containing four channels with a 

width of 500 µm and height of 50 µm, were used to simultaneously perfuse whole blood at three 

shear rates (the fourth channel used as a backup) over the micropatterned collagen strip.22 Fluid 

was drawn through the microfluidic channels using a syringe pump (PHD 2000, Harvard 

Apparatus). Outlet channels were connected to a 250 µL, 500 µL or 1 mL syringe. Differences in 

syringes diameters yielded wall shear rates of 200, 500 and 1000 s-1 when all syringes were 

placed in the same syringe pump and fluid was withdrawn at 12.5 µL/min. Whole blood was 

perfused through the device for 5 min at room temperature.  

4.3.5 Image analysis of platelet accumulation in flow assay 

Transient platelet accumulation over the fibrillar collagen strip was monitored in each 

channel using an inverted microscope (IX81, Olympus, Center Valley, PA) through a 20X 

objective (NA 0.45) and Hoffman modulation optics. The microscope was outfitted with a 

motorized stage (Proscan, Prior Scientific, Rockland, MA) and 16-bit CCD camera (Orca-ER, 

Hamamastu) controlled by Slidebook 5.0 software (Intelligent Imaging Innovations, Denver, 

CO). Data was collected in each channel at 15 frames per minute. Immediately following the 

perfusion of the whole blood, HBS containing 2 mM MgCl2 and 2 mM CaCl2 was perfused 
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through the device for 2 min to rinse out the blood. Thrombi were then fixed with 2% 

glutaraldehyde in HBS for 2 min. Coverslips were affixed to the slides using Fluoromount (Cat # 

F4680, Sigma Aldrich). Surface coverage and platelet aggregate areas were calculated with a 

custom Matlab edge-finding routine.23 Fixed platelet aggregates were imaged by confocal 

microscopy (Olympus Fluoview FV10i). Using a 60× objective (NA = 0.95), two adjacent areas 

(210 µm x 210 µm) were imaged on either side of the centerline of the channel. Platelet 

aggregate volumes were attained using the z-stack function on the confocal microscope with a 

1µm slice height. A 3D object finder24 in ImageJ (NIH, Bethesda, MD) was used to threshold the 

3D reconstructions and calculate platelet aggregate volumes from the binary images. A custom 

Matlab routine was used to find the height of the half maximum volume of an aggregate (ZV50) 

as described by Pugh and colleagues25. To calculate ZV50, surface area coverage of each slice 

was calculated and multiplied by the slice height (1 µm) to determine the total aggregate volume. 

A bar graph displaying the cumulative volume versus the slice number depicted an overall 

increase from z = 0 (the glass slide plane) to the top slice (peak of platelet aggregate). A ZV50 

was calculated by linear interpolation between the two slices in which the half maximal volume 

occurred.    

4.3.6 Statistical Analysis 

Data are presented as a mean ± the standard error of the mean of 2-6 donors for each 

experimental condition. A Kruskal-Wallis test was performed for group comparisons followed 

by Tukey’s honestly significant difference test to conduct pair-wise comparisons. A p-value of 

less than 0.05 was considered a statistically significant difference. Box plots are presented of 

platelet aggregates with volume of greater than 2000 µm3. This cut-off value in aggregate 

volume, which represents ~200 platelets, was determined from histograms of the raw data for 
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sodium citrate treated whole blood at 200 s-1 that showed two peaks; one of small aggregates 

with volumes of less than 500 µm3 and another of larger aggregates with volume. Figure B.2 

shows raw data for every aggregate measured as swarm plots. All calculations were conducted 

using the Statistics Toolbox in Matlab.   

4.4 Results 

Human whole blood was perfused over fibrillar type I collagen adsorbed to a NO-

releasing polymer film with and without the sGC inhibitor ODQ. We measured the effect of NO 

of fluxes of 0.4 and 6.8 × 10-10 mol cm-2 min-1, referred to as low and high flux below, on platelet 

aggregation at wall shear rates of 200, 500 and 1000 s-1. For each experimental condition the 

transient platelet surface coverage, platelet aggregate volumes and ZV50 were measured for 

~100 aggregates at each condition.  

4.4.1 The influence of sGC-dependent and independent pathways is NO flux dependent 

Platelet aggregate size decreased with increasing NO flux by sGC-dependent and 

independent pathways for whole blood collected into sodium citrate. Under these conditions 

ADP, thrombin and thromboxane A2 contribute to platelet activation. A NO flux of 0.4 × 10-10 

mol cm-2 min-1 caused partial inhibition of platelet aggregation as evidenced by the smaller, but 

still distinct aggregates compared to the control (Figure 4.2). Aggregates at this flux had a 

smaller volume than in the absence of NO (control) at all shear rates (Figure 4.3). A 

discriminating feature in NO inhibited platelet aggregation is the loss of aggregates with volumes 

greater than 104 µm3 (Figure 4.3a and Figure B.2a). The reduction in ZV50 was approximately 

two-fold at each shear rate (Figure 4.3b). There was a significant decrease in the number of 

aggregates as well, as shown by the reduced cumulative platelet aggregate area (Figure 4.4).  
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 Samples treated with small molecule sGC inhibitor ODQ yielded platelet aggregate 

volumes (Figure 4.3) and transient platelet accumulation (Figure 4.4) that was similar to the 

control. These results are evidence that the sGC-dependent pathway is the dominant mechanism 

in inhibiting platelet aggregation at low NO flux. A NO flux of 6.8 × 10-10 mol cm-2 min-1 

resulted in almost complete inhibition of platelet aggregation. We observed mostly individual 

platelets on the surface and a significant reduction in transient platelet accumulation (Figures 4.2 

and 4.4). Similar to the low flux, aggregates at this high flux had smaller volumes than the 

controls at all shear rates (Figure 4.3). In contrast to the low flux, samples treated with ODQ did 

not rescue platelet aggregation to control levels (Figure 4.3 and 4.4). These results are evidence 

that a sGC-independent pathway is the dominant mechanism in inhibiting platelet aggregation at  

Figure 4.2: Representative images of platelet aggregates formed on type I collagen at 200 s-1. 
Blood was collected into sodium citrate, PPACK and heparin sulfate (thrombin inhibitors) or 
sodium citrate and 2-MeSAMP (P2Y12 antagonist). NO wall fluxes of 0.4×10-10 mol cm-2 min-1 
and 6.8×10-10 mol cm-2 min-1 were tested with and without the sGC inhibitor ODQ. Platelets are 
labeled with an anti-CD41 antibody. Scale bar = 25. 
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high NO flux. There was no difference in platelet accumulation or aggregate volumes between 

samples run in the presence and absence of ODQ on polymers without a NO donor (Figure B.3), 

suggesting that ODQ did not cause secondary effects on platelet function. 

 Assays performed with an excess of ODQ (2 mM) were conducted to confirm that it 

could effectively compete with NO for sGC heme sites at a high NO flux. NO still had an 

inhibitory effect at an NO flux of 6.8 × 10-10 mol cm-2 min-1 at this high ODQ concentration 

(Figure B.4). sGC-independent pathway inhibits ADP and thrombin platelet activation at high 

NO flux. The same set of experiments described in the previous section were conducted with  

Figure 4.3: Platelet aggregate volumes from recalcified citrated whole blood. (a) Box plots of 
aggregates with volumes greater than 2000 µm3 at NO wall fluxes of 0.4×10-10 mol cm-2 min-1 
and 6.8×10-10 mol cm-2 min-1  at 200, 500 and 1000 s-1. (b) Height at half maximal volume 
(ZV50) for each NO flux at 200, 500 and 1000 s-1. Error bars indicate standard error of the mean 
across donors (n = 5-6). Significant differences (*) were considered p<0.05. 
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blood collected into (i) the thrombin inhibitor PPACK and the anticoagulant heparin or (ii) 

sodium citrate and the ADP receptor P2Y12 antagonist 2-MeSAMP. 

Platelet activation under condition (i) will be primarily driven by ADP and under 

condition (ii) by thrombin. Platelet aggregates formed from blood collected into PPACK and 

heparin are comparable in volume and morphology as those formed in blood collected into 

sodium citrate (Figures 4.2, 4.3, 4.5 and Figure B.2b). However, the response of low NO flux 

(0.4×10-10 mol cm-2 min-1) was attenuated in the absence of thrombin. 

The response to high NO flux (6.8×10-10 mol cm-2 min-1) was comparable to sodium 

citrate in that there was almost complete inhibition of platelet aggregation. The exception was a 

slight, but statistically insignificant, increase in aggregate volume with ODQ at 200 s-1, but not at 

the higher shear rates. In the absence of thrombin, ADP mediated platelet activation is less 

susceptible to inhibition at low NO flux. However, a sGC-independent pathway still dominated 

at high NO flux. ADP appears to be the dominant agonist for platelet aggregation in this model. 

All platelet aggregates are <103 µm3  (Figure 4.5a and Figure B.2c). 

 

Figure 4.4: Transient platelet accumulation at NO wall fluxes of 0.4×10-10 mol cm-2 min-1 and 
6.8×10-10 mol cm-2 min-1 and 200 s-1 in the presence and absence of the sGC inhibitor ODQ. 
Error bars indicate standard error of the mean across donors (n = 3-4). 
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The trends in NO inhibition were similar to citrate alone at 200 s-1, but at 500 and 1000 s-

1 the degree of platelet aggregation was so low that there was no measureable change at either 

NO flux (Figure 4.6). 

At 200 s-1 and low NO flux we observed a rescue of platelet aggregation in the presence 

of ODQ, suggesting a role for the sGC-dependent pathway. At 200 s-1 and high NO flux, 

platelets are limited to the size of small aggregates (<100 µm3) in the presence and absence of 

ODQ, suggesting a sGC-independent pathway.  

Figure 4.5: Platelet aggregate volumes from whole blood collected in PPACK and heparin 
sulfate. (a) Box plots of aggregates with volumes greater than 2000 µm3 at NO wall fluxes of 
0.4×10-10 mol cm-2 min-1 and 6.8×10-10 mol cm-2 min-1  at 200, 500 and 1000 s-1.  (b) Height at 
half maximal volume (ZV50) for each NO flux at 200, 500 and 1000 s-1. Error bars indicate 
standard error of the mean across donors (n = 3-4).  Significant differences (*) were considered 
p<0.05. 
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4.4.2 sGC-independent pathway reduces platelet intracellular calcium via SERCA 

 Whole blood was incubated with BHQ to block SERCA activity, which has been 

proposed as one potential mechanism of the sGC-independent pathway. Large platelet aggregates 

(>104 µm3) formed independent of shear rates and NO flux (Figure 4.7a and Figure B.2d). 

Platelets rapidly adhered to the collagen and formed massive aggregates over the fibrillar 

collagen surface at 200 s-1. At 1000 s-1, there was an extended lag time (~50 s) but similarly sized 

aggregates ultimately formed that were typically embolized due to the increased shear stresses 

imparted on the large aggregates (Figure 4.7b). These data suggest that a sGC-independent 

pathway acts through SERCA.  

4.5 Discussion 

The purpose of this study was to measure the relative contribution of sGC-dependent and 

independent pathways on platelet aggregation as function of NO flux and shear rate. A small 

molecule inhibitor (ODQ) was used to selectively inhibit sGC. Additionally, we measured the  

Figure 4.6: Platelet aggregate volumes from whole blood collected in sodium citrate and 2-
MeSAMP. Height at half maximal volume (ZV50) for each NO flux at 200, 500 and 1000 s-1. 
Error bars indicate standard error of the mean across donors (n = 3). Significant differences (*) 
were considered p<0.05. 
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ability of these two pathways to inhibit platelet activation by ADP and thrombin. Finally, we 

examined the role of these two pathways on regulation of intracellular calcium stores via SERCA. 

These are the first experiments to show differential role of these two pathways in human platelets 

under physiologic flow conditions. 

We confirmed that a sGC-independent pathway exists and found that it plays a dominant 

role in inhibiting platelet aggregation at a high NO flux. This is in agreement with previous 

reports that static platelet adhesion6 and aggregometry7 were inhibited by a sGC-independent 

Figure 4.7: Platelet aggregate volumes from recalcifed citrated whole blood with SERCA 
inhibitor BHQ. (a) Box plots of aggregates with volumes greater than 2000 µm3 at NO wall 
fluxes of 0.4×10-10 mol cm-2 min-1 and 6.8×10-10 mol cm-2 min-1 at 200, 500 and 1000 s-1. (b) 
Transient platelet accumulation at an NO flux of 6.8×10-10 mol cm-2 min-1  and control 
conditions at 200, 500 and 1000 s-1. Error bars indicate standard error of the mean across donors 
(n = 2). 
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pathway at high NO concentrations. In platelets from sGC-deficient mice, micromolar 

concentrations of the NO donor SNP lead to a sGC-dependent pathway while sGC-independent 

pathway occurred at millimolar concentrations7. The approximate NO concentrations within our 

experiments can be estimated based on our previously developed computational model of NO 

transport15. The low NO flux (0.4×10-10 mol cm-2 min-1) corresponds to a NO concentration of 4-

14 nM (range determined by assumed value of NO-hemoglobin rate constant), which is similar 

to the dissociation constant of sGC (~1 nM).26,27 The high NO flux in this study (6.8 × 10-10 mol 

cm-2 min-1) corresponds to a NO concentration of 65-240 nM. It is difficult to directly compare 

these concentrations to platelet aggregometry studies performed with NO donors that have 

various release rates, and thus NO concentrations.6,7 Nevertheless, the biphasic response to NO 

concentration is consistent with these studies. Our computational model also predicts that the 

near-wall concentration of NO is insensitive to shear rate because of its rapid elimination by 

hemoglobin in erythrocytes. The NO concentration is constant in the erythrocyte depleted near 

wall layer (5-7 µm thick) and is almost instantaneously eliminated outside of this layer. This 

transport-limited behavior outside the depletion layer could explain why we did not observe a 

shear rate dependence between the two sGC pathways in this study. 

The physiological role of the two sGC pathways in regulating vascular relaxation and 

hemostasis is still an area of active research. In terms of platelet function, one hypothesis is that 

the sGC-dependent pathway keeps platelets quiescent at endogenous NO concentrations in the 

near wall, erythrocyte depletion layer. This NO is likely produced constitutively by endothelial 

nitric oxide synthase (eNOS). While the sGC-independent pathway may play a role in regulating 

clot growth at the site of an injury where inducible nitric oxide synthase (iNOS) provides a burst 

of high concentration NO. iNOS generates 100-1000 fold more NO than eNOS.28  
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ADP was the dominant agonist for driving platelet aggregation in these experiments as 

evidenced by the dramatic drop in aggregation in the presence of a P2Y12 antagonist. Similar 

reduction in clot size was observed with P2Y12 antagonists in a puncture wound model in the 

arterioles of rabbits.29 In the absence of thrombin, ADP mediated aggregation was less sensitive 

to inhibition by NO. This result is counterintuitive because we expected higher activation with 

two agonists. However, there is evidence that PAR1 signaling actually downregulates ADP 

signaling,30 and thus platelets may be more activated in the absence of thrombin. The 

concentration of thrombin was high enough to induce platelet aggregation at 200 s-1, but not the 

higher shear rates. This is likely due the dilution of thrombin by flow at higher shear rates to 

subthreshold concentrations (<1 nM) that have been shown to activate platelets in whole blood 

flow assays.31 

The conclusions from this study regarding the sGC-independent pathway rely on ODQ being 

a selective and irreversible inhibitor of sGC. Alternative inhibitors of sGC such as methylene 

blue and LY83583 (6-anilino-5,8-quinolinedione) suffer from lack of selectivity.32 ODQ is the 

most potent and specific sGC inhibitor available.33 It has been argued that at high NO 

concentrations, ODQ and NO could potentially compete for the sGC heme binding site leading 

to incomplete inhibition.34 We conducted experiments with an ODQ concentration as high as 2 

mM (10-fold higher than our estimated highest NO concentration) and still found evidence for a 

sGC-independent pathway. Additionally, NO was introduced to platelets after 20 min of 

incubation with ODQ, which irreversibly (or slowly reversibly) inactivates their sGC enzyme33,35. 

Though it is generally accepted that NO is a strong platelet inhibitor, there is also evidence 

that low concentrations of cGMP and NO can induce platelet activation36,7. A limitation of the 

model used in this study is that we can only measure NO fluxes down to ~5 × 10-2 mol cm-2 min-1, 
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and to reach these lower concentrations we would need fluxes of ~1 × 10-3 mol cm-2 min-1. 

Additionally, production of such fluxes would require even dispersion of NO donor (a couple 

milligrams) in a large volume of polymer (~ 1 L), which would be difficult to achieve at the 

length scale of the microfluidic channel.  

 Studies have implicated NO as being essential in accelerating the sequestration of 

calcium by SERCA-dependent refilling of intracellular stores. By inhibiting SERCA, calcium is 

released from ER stores, even in the absence of an agonist.37 SERCA inhibition by BHQ lead to 

a large increase in the size of aggregates, especially enhancing high shear rate aggregate 

formation, independent of NO flux and sGC suggesting that SERCA is modulated by a sGC-

independent pathway. This is in agreement with animal studies have reported that SERCA 

activity downstream of NO signaling is cGMP-independent. 9,10  
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CHAPTER 5   

A VASCULAR INJURY MODEL USING FOCAL-HEAT INDUCED ACTIVATION OF 
ENDOTHELIAL CELLS 

This chapter is modified from a paper published in 

Integrative Biology1 

J. L. Sylman2, D.T. Artzer3,  

K. Rana4, and K. B. Neeves5 

5.1 Abstract 

 Endothelial cells (EC) both inhibit and promote platelet function depending on their 

activation state. Quiescent EC inhibit platelet activation by constitutive secretion of platelet 

inhibitors. Activated EC promote platelet adhesion by secretion of von Willebrand factor (VWF). 

EC also secrete an extracellular matrix that support platelet adhesion when exposed following 

vascular injury. Previous studies of EC-platelet interactions under flow activate entire 

monolayers of cells by chemical activation. In this study, EC cultured in microfluidic channels 

were focally activated by heat from an underlying microelectrode. Based on finite element 

modeling, microelectrodes induced peak temperature increases of 10-40 °C above 37 °C after 

applying 5-9 V for 30 s resulting in three zones: (1) A quiescent zone corresponded to peak 

temperatures of less than 15 °C characterized by no EC activation or platelet accumulation. (2) 

An activation zone corresponding to an increase of 16-22 °C yielded EC that were viable, 

secreted elevated levels of VWF, and were P-selectin positive. Platelets accumulated 

                                                

1 Reprinted with permission of The Royal Society of Chemistry, article 
2 Primary author and researcher 
3 Co-author, Undergraduate, Department of Chemical and Biological Engineering, Colorado School of Mines, 
4 Co-author, Postdoc, Department of Chemical and Biological Engineering, Colorado School of Mines   
5 Author for correspondence, co-advisor, Department of Chemical and Biological Engineering, Colorado School of 
Mines 
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in the retracted spaces between EC in the activation zone at a wall shear rate of 150 s-1. 

Experiments with blocking antibodies show that platelets adhere via GPIbα-VWF and α6β1-

laminin interactions. (3) A kill zone corresponded to peak temperatures of greater than 23 °C 

where EC were not viable and did not support platelet adhesion. These data define heating 

conditions for the activation of EC, causing the secretion of VWF and the exposure of a 

subendothelial matrix that support platelet adhesion and aggregation. This model provides for 

spatially defined zones of EC activation that could be a useful tool for measuring the relative 

roles of anti- and prothrombotic roles of EC at the site of vascular injury. 

5.2 Introduction 

 Endothelial cells (EC) play a dual role in regulating platelet function. They constitutively 

secrete the platelet inhibitors nitric oxide (NO), prostacyclin and ADPases in a shear stress 

dependent manner to ensure that platelets do not spontaneously aggregate in the vasculature1. 

When activated by oxidative, mechanical, or inflammatory stresses EC promote platelet 

recruitment to the vessel wall by expression of E-selectin and the release of Weibel-Palade 

bodies. Weibel-Palade bodies contain von Willebrand factor (VWF) and P-selectin which 

support platelet rolling and accumulation2. Activated EC also retract from each other revealing 

an extracellular matrix consisting of collagen, laminin and fibronectin, among other proteins, that 

support platelet adhesion and activation3,4. The spatial and temporal expression of these pro- and 

antithrombotic pathways likely determines, in part, the size and growth of a thrombus. Yet, there 

are no in vitro models of platelet function that incorporate a spatially controlled region of EC 

expressing a prothrombotic phenotype surrounded by EC region expressing an antithrombotic 

phenotype. The objective of this study was to develop such a model.   
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In vitro flow assays for measuring platelet function generally fall into two categories; 

adhesion to subendothelial matrix proteins and rolling/adhesion to activated EC. In the former, 

purified proteins are adsorbed to a substrate, typically a glass slide or capillary tube, and blood is 

perfused at user-defined wall shear rate5-9. Collagen, fibrinogen and VWF are the most common 

proteins used for measuring platelet function and tissue factor can be incorporated to study 

coagulation as well10. Combinations of these and other proteins give a range of platelet adhesion 

and aggregation responses11. Flow assays that include monolayers of cultured EC typically 

involve stimulation by chemical, mechanical and laser methods12-14. For example, exposure to 

inflammatory agents such as TNF-α and interleukin-1 leads to P-selectin exposure on EC, among 

other prothrombotic molecules, and the recruitment of platelets11,15. Stimulation of 

endothelialized microfluidic channels with TNF-α and shiga toxin mimics the pathology of 

microvascular diseases such acute inflammation and hemolytic uremic syndrome16. PMA 

stimulated EC in microvascular networks embedded in collagen gels show the importance of 

channel geometry on platelet-VWF interactions.17 

The focal nature of a vascular injury is an important feature in the regulation of thrombus 

formation. A threshold injury size is needed to support platelet adhesion18, initiate 

coagulation19,20 and fibrin deposition21,22. Moreover, ECs within and adjacent to an injury likely 

play different roles. Activated ECs within or very close to an injury support thrombus formation 

via secretion and expression of adhesive ligands, while those up and downstream limit platelet 

accumulation to the injury region. No in vitro model that we are aware of captures these different 

roles of ECs in a focal injury model.  

In this study, we describe a vascular injury model where EC cultured within microfluidic 

channels are focally activated by heat using microelectrodes beneath the channels. This approach 
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allows spatial and temporal control of an EC activation zone that supports platelet adhesion and 

accumulation surrounded by quiescent EC.  

5.3 Materials and Methods 

The following materials were used and methods were followed to conduct the EC-based 

vascular injury model.  

5.3.1 Materials 

Human umbilical endothelial cells (HUVEC), F-12K medium, Trypsin-EDTA, and 

penicillin streptomycin (10,000 IU/mL penicillin, 10,000 µg/mL streptomycin) solution were 

from American Type Culture Collection (ATCC, Manassas, VA). PE/Cy5 (480 nm/670 nm) anti-

human CD41, annexin V and PE anti-human CD62P antibody were from BioLegend (San Diego, 

CA). Anti-integrin α6 antibody (GoH3), anti- human VE Cadherin antibody produced in rabbit, 

anti- human fibronectin antibody produced in rabbit, anti- human collagen I antibody produced 

in mouse, anti-human collagen IV antibody produced in mouse, goat anti-mouse IgG H&L 

(Alexa Fluor® 488) and goat anti-rabbit IgG H&L (DyLight® 594) were obtained from Abcam 

(Cambridge, MA). Abciximab (ReoPro, Eli Lilly, Indianapolis, IN, USA) was from the 

University of Colorado Hospital pharmacy. FPR-chloromethylketone (PPACK) (75 µM) 

collection tubes were from Hematologic Technologies Inc. (Essex Junction, VT). Endothelial 

cell growth supplement (ECGS), Pluronics F-127, fluorescein isothiocyanate (FITC)-phalloidin, 

fluorescein diacetate, ethidium bromide, anti-laminin antibody produced in rabbit, laminin from 

human placenta, bovine fibronectin, standard gold etchant, ammonium hydroxide standard 

chromium etchant and dimethyl sulfoxide, Triton™ X-100, dextran from Leuconostoc 

mesenteroides (MW 150,000) were from Sigma Aldrich (St. Louis, MO). Gold shot (<4 mm 

pieces) and chromium shot (0.8 mm – 6 mm pieces) were from Kurt J. Lesker Company 
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(Clairton, PA). (Tridecafluoro-1,1,2,2-tetrahydooctyl) trichlorosilane was purchased from Gelest 

(Morrisville, PA). Phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4•2 H2O, 2 mM KH2PO4, pH 7.4), HEPES buffered saline (HBS; 20 mM HEPES, 150 

mM NaCl, pH 7.4) and isotonic glucose buffer (5% dextrose, pH 2.7) were made in-house. 4',6-

Diamidino-2-Phenylindole, dihydrochloride (DAPI) was obtained from Life Technologies 

(Carlsbad, CA). Polydimethylsiloxane (PDMS) was from Sylgard 184 (Dow Corning, Midland, 

MI). Complete cell culture media (includes 100 IU/mL penicillin, 100 μg/mL streptomycin, 0.1 

mg/mL heparin, 0.03 mg/mL ECGS, and 10% fetal bovine serum) and serum free media were 

made in-house.  

5.3.2 Fabrication of microelectrodes 

Glass slides were stripped of organic and ionic contaminants by RCA-1 (deionized 

H2O/NH4OH/H2O2, 5:1:1) and RCA-2 (deionized H2O/HCl/H2O2, 5:1:1), each for 10 min at 75-

80 °C. Chromium (Cr) and gold (Au) were deposited on the glass substrates by thermal 

evaporation to thicknesses of 10 nm and 75 nm, respectively. Shipley 1813 was spin coated onto 

the Cr/Au film and patterned by photolithography. The exposed metal was etched with gold 

etchant (1:4 dilution in dH2O) and a chromium etchant (1:6 dilution in dH2O). Electrodes were 

insulated with diluted 35 wt% KMPR at 3000 rpm for 45 s (diluted KMPR 1050 with 

cyclopentanoone). KMPR was removed from the contact pads by photolithography and silver 

epoxy was spread on the contact pads of the electrodes as an adhesive for wiring to the power 

source (Figure C.1). 

5.3.3 Thermal infrared camera measurement 

A 40 µm slab of PDMS was placed on the surface of an insulated microelectrode. An 

infrared thermal imaging camera (FLIR Exx series, Wilsonville, OR) recorded the surface 
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temperature as a function of voltage and time.  

5.3.4 Endothelial cell seeding and culture in microfluidic channels 

PDMS microfluidic channels were fabricated using standard methods with KMPR 

patterned on a silicon wafer as a master23. The device consisted of four channels with a width of 

1000 µm and height of 100 µm and was bonded to a 40 µm PDMS film (Figure C.1). The PDMS 

film was prepared by spinning base and catalyst mixed at 10:1 at 1500 rpm on glass slides 

treated with (tridecafluoro-1,1,2,2-tetrahydooctyl)trichlorosilane for 3 h under vacuum. The 

devices were treated with oxygen plasma and then bonded to the PDMS film, which formed the 

bottom wall of the channel. Channels were sterilized with 70% ethanol for 10 min, flushed with 

serum free F-12K and then stored in an incubator for 12-18 hr at 37 °C and a relative humidity of 

95%. The long incubation was required to ensure that all absorbed ethanol was removed from the 

PDMS prior to introduction of the cells. Fibronectin (50 µg/ml) in serum free media was 

incubated in the channels for 2-4 hours. The channels were rinsed with complete F-12K and 

seeded with HUVEC at a concentration of 300,000-500,000 cells/mL in 6.25% dextran modified 

buffer to increase the viscosity to 3.5 cP at150 s-1 as measured by a DHR-3 rheometer (TA 

Instruments, New Castle, DE). Dextran was added to decrease cell settling and enhance seeding 

density, staying below the concentration of dextran in which EC viability and attachment is 

affected16,24. Fresh complete F-12K was replaced over the cells on a daily basis. Confluence and 

tight junctions were achieved within two days and cells were used for experiments within 2-3 

days of seeding (Figure C.2).  

5.3.5 Blood collection and treatment 

All blood collection was performed in accordance with the Declaration of Helsinki and 

under the University of Colorado, Boulder Institutional Review Board approval. Human whole 
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blood was obtained from donors through venipuncture. Donors had not consumed alcohol for 48 

h, nor taken any prescription or over-the-counter drugs during the 10 days prior to donation. Five 

milliliters of whole blood were collected into vacutainers containing the PPACK (75 mM). 

Samples were incubated with anti-human CD41 at 1:25 dilution for 20 min. In some experiments, 

whole blood was incubated with 100 µg/mL abciximab (GPIIbIIIa antagonist), anti-CD42b 

(function blocking antibody, 1:50), and/or anti-integrin α6 (function blocking antibody, 1:20) for 

20 min at 25 °C.  

5.3.6 Measurement of EC recession, activation, and viability 

EC were heated for 30 s by applying a potential across the electrode (5-9 V) while 

complete media was perfused at a wall shear rate of 150 s-1. Complete media was perfused for 2 

min after heating and then the cells were fixed with 2% glutaraldehyde. The cells were then 

rinsed with PBS, permeabilized with 0.2% Triton™ X-100 for 10 min, rinsed with PBS, and 

incubated with one of the following for 1 h; FITC-phalloidin (0.1 µg/mL) and DAPI (1:1000), 

anti-VWF (1:100), anti-human CD62P antibody (1:20) or annexin V (1:50). Dead cells were 

labeled with ethidium bromide (0.2 µg/mL) prior to fixing.  To label tight junctions between the 

cells, cells were fixed with 2% paraformaldehyde and blocked with 5% BSA for 1 h at 20°C. The 

cells were then incubated with a primary anti-VE Cadherin (1:200, 0.01% Triton and 1% BSA in 

PBS) for 90 min at room temperature and labeled with a goat anti-rabbit IgG H&L antibody (40 

µg/mL, 1% BSA in PBS) for 60 min. Cells were imaged with a 60× objective (NA = 0.95) on a 

confocal microscope (Olympus Fluoview FV10i). EC recession was calculated in ImageJ by 

thresholding the fluorescent cells and quantifying the area fractions. For ethidium bromide and 

P-selectin measurements, the number of cells that were P-selectin or ethidium bromide positive 

was divided by the total number of cells indicated by DAPI. For experiments in which the 
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number of VWF strands were counted, the EC were labeled with anti-VWF 10 min prior to 

heating and dextran-modified buffer was perfused over the cells during and after the cell 

stimulation. VWF strings were counted at a position 2 mm downstream of the center of the 

electrode in each frame during and following heating. The ECM of the EC was isolated by 

perfusing 0.1 mM ammonium hydroxide in complete media over the EC for 30 min. The 

remaining ECM was fixed with 2% glutaraldehyde and blocked with 5% BSA for 1 h at 20°C. 

The cells were then incubated with a primary anti-laminin and anti-collagen I, or, anti-

fibronectin and anti-collagen IV (1:500, 0.01% Triton and 1% BSA in PBS) for 90 min at room 

temperature and labeled with  a goat anti-rabbit IgG H&L antibody and a goat anti-mouse IgG 

H&L antibody (40 µg/mL, 1% BSA in PBS) for 60 min.  

5.3.7 Whole blood flow assays 

HUVEC-seeded microfluidic channels were transferred onto glass slides containing the 

patterned and insulated electrode (Figure C.1). Experiments were performed in a heated 

microscope incubator at 37°C and 5% CO2 (INUG2A ZILCS, Tokai Hit). After allowing for 

temperature equilibration of the device and electrode for 10 min, voltage (5-9 V) was applied for 

30 s either during whole blood perfusion or 2 min prior to whole blood perfusion. In the 

experiments where heat was applied during the blood perfusion, blood was perfused through the 

channel for 30 s prior to heating, the voltage was then applied for 30 sec while the blood was 

flowing and for 6 min after the heating was stopped. In experiments where heat was applied prior 

to perfusion, 6.25% dextran modified complete media was withdrawn at 15 µL/min using a 

syringe pump (PHD 2000, Harvard Apparatus) during and 1 min after the applied voltage. Next, 

whole blood was perfused at flow rate of 15 µL/min or 100 µL/min, corresponding to a wall 

shear rates of 150 and 1000 s-1, for 7 min. For 1000 s-1, the flow was ramped using a 
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programmable syringe pump from 5 to 100 µL/min over 1 min to avoid EC sloughing off the 

surface.  

5.3.8 Measurement of platelet accumulation on ECM proteins 

Fibronectin (100 µg/ml), laminin (100 µg/ml) or a 1:1 mixture of the proteins (50 

µg/ml:50 µg/ml) were incubated on clean glass slides in FAST frame multislide plate containing 

incubation chambers (Whatman, GE Healthcare Sciences) for 1 h25,26. Next, whole blood 

collected into PPACK was perfused over the prepared protein patches (5 mm × 5 mm) at flow 

rate of 15 µL/min (150 s-1) for 7 min. Controls were also conducted to determine the effect of 

heating on the ECM proteins. Fibronectin (100 µg/ml) or a 1:1 mixture of fibronectin/laminin 

(50 µg/ml:50 µg/ml) were incubated inside the microfluidic channels for 1 h. We applied 7 V in 

fibronectin and laminin/fibronectin coated channels while flowing buffer at 150 s-1 for 30 s. 

After 1 min of cooling, whole blood collected into PPACK was perfused over the heat-treated 

proteins for at a flow rate of 15 µL/min (150 s-1) for 7 min. 

5.3.9 Image analysis 

Transient platelet accumulation was monitored using an inverted microscope (IX81, 

Olympus, Center Valley, PA) with a 20× objective (NA 0.45) and Hoffman modulation optics. 

The microscope was outfitted with a motorized stage (Proscan, Prior Scientific, Rockland, MA), 

16-bit CCD camera (Orca-ER, Hamamastu) controlled by Slidebook 5.0 software (Intelligent 

Imaging Innovations, Denver, CO). Data was collected at 15 frames per minute. Immediately 

following the perfusion of the whole blood, complete media was perfused through the device for 

2 min to rinse out non-adherent blood cells. Adhered cells were then fixed with 2% 

glutaraldehyde in PBS for 2 min. EC were rinsed with PBS, permeabilized with 0.2% Triton 

detergent for 10 min, rinsed with PBS and labeled with FITC-phalloidin and DAPI for 1 h at 
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room temperature. Fixed platelet aggregates and endothelial cells were imaged by confocal 

microscopy at 250 µm intervals up- and downstream of the electrode. Total platelet aggregate 

volumes were measured using the z-stack function on the confocal microscope with a 1 µm slice 

height. The Stack Tool in ImageJ (NIH, Bethesda, MD) was used to threshold three-dimensional 

reconstructions and calculate volumes.  

5.3.10 Theoretical model of heat transfer 

The change in temperature within the HUVEC coated channel caused by the heat flux 

from resistive heating of the microelectrode was estimated using finite element method software 

(COMSOL, Burlington, MA). Two models were developed; (1) a model of the bare electrode to 

compare with infrared camera measurements (Figure C.3a), and (2) a model of the PDMS device 

on top of the electrode to make estimates of temperature profiles in EC-coated channels (Figure 

C.3b). Each model used the exact dimensions of the device. In Model 1, the two-dimensional 

transient conservation of energy equation was solved:  

 ( 5.1) 

where i denotes the material, T is the temperature, t is time, ρi is the material density, Cp,i is the 

material heat capacity, and ki is the material thermal conductivity. Q is the heat source that was 

set to zero for all materials except for the gold. The heat source was modeled as a 30 s 

rectangular square wave of voltage and the power density was calculated at each voltage by: 

 ( 5.2) 

 

where Pv is the power density, V is the voltage, ρ is the bulk resistivity of gold (24 nΩ m-1), and 

L is the length of the electrode. Table 5.1 shows the materials and thermal properties used in the 

model.  

ρiCp,i
∂T
∂t

=
!
∇⋅ ki

!
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Pv =
V 2

ρL2
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Material Heat capacity at 
constant pressure 

(J kg-1 K-1) 

Density  
(kg m-3) 

Conductivity 
(W m-1 K-1)  

Thickness 

 
Silica Glass47 710 2240 1.05 1.2 mm 
Gold47 129 19300 320  85 nm 
Photoresist48 1200 1190 0.2 1 µm 
Bottom PDMS49 1500 970 0.15 45 µm 
Blood50 3620 1060 0.52 98 µm 
Water/EC51 4180 1000 0.58 2 µm 
Top PDMS49 1500 970 0.15 7.5 cm 

Model 2 includes heat dissipation by conduction through the bordering solids (Eq. 1) and by 

convection within the liquid. For the liquid phase the transient conservation of energy equation 

is: 

 

 ( 5.3) 

 

The velocity (v) was defined as: 

 ( 5.4) 

 

where p is the gradient of pressure, µ is the dynamic viscosity. The average velocity (U) was 2.5 

× 10-3  m s-1. 

 For both models, the boundary condition at all surfaces except for the bottom surface was 

free convection with air:  

 ( 5.5) 
 

where Text is 37 °C and the heat transfer coefficient was calculated from the simplified 

convection formula over a flat plate:27  
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Table 5.1: Thermophysical material properties and thicknesses used in computational models. 
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 ( 5.6) 

 

where h is overall heat transfer coefficient, Ts is the surface temperature which varies over the 

surface, Text is the ambient temperature, L is characteristic length (1.45 mm), and C and n are 

constants defined as 1.32 and 0.25, respectively. A Neumann boundary condition was used at the 

bottom of the glass slide:  

 ( 5.7) 
 

where q is the heat flux (W/m2) from the microelectrode glass slide to the glass surface 

underneath. Mesh independence was confirmed by achieving temperatures within a 5% 

difference between 6,734 – 34,909 elements in Model 1 and 18,521-159,706 elements in Model 

2. 

5.3.11 Statistical procedures 

Data are presented as a mean ± the standard error of the mean of 3-5 donors for each 

experimental condition. Differences in platelet volumes were compared using the Mann-Whitney 

U-test. A p-value of less than 0.01 was considered statistically significant. Calculations were 

conducted using Prism 5 (GraphPad Software, Inc., La Jolla, CA). The goodness-of-fit of the 

COMSOL model to the experimental data was obtained in Matlab (version 2013b, Mathworks, 

Natick, MA) using the normalized mean square error. 

5.4 Results 

Here I describe the results obtained, which include the temperature characterization of the 

electrode, viability, and activation of EC, and platelet accumulation adjacent to the active EC. 
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5.4.1 Electrode Characterization 

The temperature distribution resulting from resistive heating of the microelectrodes was 

measured and modeled as a function of voltage. Figure 5.1a-b show the temperature distribution 

on and around insulated microelectrodes without the PDMS device. Applying potential of 5-9 V 

for 30 sec produced peak temperature increases of 20-70 °C as measured with a thermal imaging  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: (a) The change in surface temperature at the middle of the electrode (x = 0) as a 
function of voltage for a 40 µm PDMS thick film atop the microelectrode measured using a 
thermal camera. Model 1 was used to simulate the same conditions to validate heat flux 
predictions from resistive heating in the electrode. (b) Temperature distribution along the wall of 
the PDMS film predicted by Model 1 for the same conditions as (a) at t = 30 s. (c) Transient 
temperature change over the top of the electrode as predicted by Model 2 for the assembled 
device at a wall shear rate of 150 s-1. The temperature over time is reported at the center of the 
electrode at the cell-buffer interface. (d) Temperature distribution along the surface of the EC 
monolayer predicted by Model 2 from the same conditions used in (c) at t = 30 s. 
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camera. The goodness-of-fit between Model 1 (Figure C.3a) and the experimental results was 

greater than 0.9 for each voltage (Figure 5.1a). These results show that the Model 1 predicts 

accurate heat fluxes due to resistive heating in the microelectrode. As expected, in the absence of 

forced convection the peak temperature is centered over the electrode and decreases 

symmetrically in the x-direction (Figure 5.1b).  

 Model 2 expands Model 1 to include fluid flowing through an endothelialized PDMS 

channel placed on top of the microelectrode (Figure C.3b). The higher heat dissipation due to 

forced convection and additional conductive resistances of the cells reduced the peak 

temperatures at the cell-buffer interface (2 µm above the bottom PDMS channel) compared to 

Model 1. The computational model predicts a temperature increased of 10-40°C experienced by 

the EC for potentials of 5-9 V (Figure 5.1c). The peak temperature rise is a linear function of 

voltage (r2 = 0.99). At 30 s, when peak temperature was reached, the temperature in the flow 

direction increased rapidly upstream of the electrode. The highest temperature occurs at the 

downstream edge (x = 750 µm) of the electrode (Figure 5.1d). The temperature was skewed 

downstream of the electrode due to heat transfer by forced convection. 

5.4.2 Viability of EC and activation following heating 

PDMS microfluidic channels with confluent EC monolayers were placed over the 

electrodes (Figure C.2). Dextran modified complete media was perfused through the channels at 

a wall shear rate of 150 s-1 while a 5-9 V potential was applied for 30 s. Following two additional 

minutes of buffer perfusion, cells were fixed and stained for viability (ethidium bromide), P-

selectin, and phosphatidylserine (PS) exposure (annexin V). At 5 and 6 V, little to no P-selectin 
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expression and cell death was observed (Figure 5.2, 5 V data not shown). At 7 V, dead cells were 

found between 0.5 mm upstream to 1.8 mm downstream of the center of the electrode. PS 

exposure showed a similar distribution as dead cells (Figure C.4). P-selectin positive EC, 

covered an area extending from 1.0 mm upstream of the center of electrode to 3.5 mm 

downstream of the electrode. At 8 V, dead cells were found from 1.0 mm upstream to 3.5 mm 

downstream of the center of the electrode (Figure 5.2a). P-selectin positive EC spanned 1.5 mm 

upstream of the injury zone to 4 mm downstream of injury center (Figure 5.2b). The distribution 

Figure 5.2: Viability and P-selectin expression of EC following heating. Representative images 
and fraction of dead cells (a) and P-selectin positive cells (b) following heating by 6, 7 and 8 V 
for 30 seconds. Scale bar = 50 µm. The red number (x=0) indicates the center of the electrode. 
The electrode spans the distance from -725 to +725 µm. Negative numbers are upstream of the 
electrode and positive numbers are downstream of the electrode. 
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of dead and activated EC skews downstream, which is congruent with the predicted temperature 

distribution by Model 2 (Figure 5.1d).  

5.4.3 Moderate heating leads to retraction of EC that reveals a protein-rich matrix 

The contact between the EC were lost and gaps between EC increased in a voltage-

dependent manner. There were no apparent gaps between EC at 5 and 6 V. A potential of 6.5 V 

yielded a 30% decrease in EC area directly over the electrode and observed gaps up to 2.5 mm 

downstream of the electrode (Figure 5.3a,b). A potential of 7 V lead to large gaps up- and 

downstream, but very small gaps directly over the electrode (Figure 5.3c,d). Similarly, a 

potential of 8 V led to small gaps near the electrode with the largest gaps present 2.5-3.7 mm 

downstream (Figure 5.3e,f). These data suggest that a moderate amount of heating cause EC to 

lose their tight junctions and retract, but that above a certain temperature retraction is reduced or 

EC do not retract before losing viability. The exposed matrix under receded EC was rich in 

laminin, collagen IV and fibronectin with only a modest amount of collagen I (Figure 5.4).  

5.4.4 EC secrete and release VWF strands following heating  

After applying voltage, the presence of VWF strings on EC was measured along the 

length of the channel (Figure 5.5a). Approximately 10% of EC secreted VWF strings even far 

upstream (x = - 3 mm) of the electrode where we expect no heating (Figure 5.5b). In regions 

where heating is predicted to be highest (Figure 5.5), 1 mm upstream to 3 mm downstream of the 

electrode, there were three-fold as many VWF strings compared to unheated regions. The release 

of VWF increased with increasing voltage; 88 ± 9 VWF strings were released at 8 V compared 

to 25 ± 9 VWF strings at 6 V (Figure 5.5). 
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5.4.5 Simultaneous heat injury and whole blood perfusion 

PPACK anticoagulated whole blood was perfused over EC during the 30 sec voltage 

pulse and for 6 min afterwards at 150 s-1. At 5-6 V, few platelets adhered to the surface, and few 

aggregates formed. At 7 V, we observed significant platelet accumulation with volumes of 

45,000 ± 11,000  µm3 at the downstream edge of the electrode (Figure 5.6a, Figure C.5a). Most  

Figure 5.3: Moderate heating leads to gaps between EC. Recession of EC following heating at 
different positions for 6.5, 7, and 8 V (a, c, e). Scale bar = 50 µm. EC area fraction was 
measured with the actin stain FITC-phalloidin (b, d, f). Red numbers (x=0) indicate the center of 
the electrode The electrode spans the distance from -725 to +725 µm. 
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aggregates were observed from the center of the electrode to 1.5 mm downstream. At 8 V, 

platelet aggregate volumes were five-fold larger, 220,000 ± 35,000 µm3, than aggregates formed 

at 7 V and found primarily downstream of the electrode (Figure 5.6 b). We measured platelet 

adhesion to fibronectin coated channels in the absence of ECs at 5, 6, 7 and 8 V and a wall shear 

rate of 150 s-1 (Figure C.7) to test the effect of heating in the absence of EC. There was no 

platelet adhesion at 5 V and minor adhesion at 6 V (Figure C.7a). However, significant platelet 

aggregation was observed at 7 and 8 V, suggesting that the temperature increases experienced by 

platelets was enough to activate them (Figure C.7b,c). At 7V, there was a downstream shift in the 

distribution of the platelet aggregates (Figure C.7b), perhaps due to a lag time between heating 

and activation. 

Similarly, significant platelet adhesion and aggregation was also measured in a BSA coated 

channel exposed to 7V (Figure C.7d). In any case, these data indicate that it would be difficult to 

decouple platelet accumulation due to EC activation and exposure of the subendothelial matrix 

from heat-induced platelet activation and adhesion in this model.  

Figure 5.4: HUVEC secrete a protein-rich matrix. Removal of EC and immunostaining reveals 
laminin, collagen IV, fibronectin, and minimal collagen I in the extracellular matrix. Scale bar = 
50 µm. 
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Figure 5.5: VWF secretion following heat injury. (a) VWF is contained within Weibel-Palade 
bodies 3 mm upstream of the electrode and secreted into strings at 1 mm downstream of the 
electrode following 30 sec heating (7 V) and 4 min perfusion at 150 s-1. Scale bar = 20 µm. (b) 
Fraction of EC secreting VWF relative to the electrode position (n = 3-10). (c) The cumulative 
number of VWF strands released over time following heating by 0, 6, 7, and 8 V. The voltage 
was applied at 15 s. 
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5.4.6 Whole blood perfusion following heat injury 

To eliminate the influence of temperature on platelets, we heated under conditions that 

induced gaps between EC (6.5 – 8 V, Figure 5.3) for 30 s while perfusing buffer through the 

channel followed by a 1 min cooling period and then a perfusion of whole blood for 7 min. At 

6.5 V, corresponding to a predicted peak temperature increase of 19 °C, platelets accumulate 

directly over the electrode and downstream of the electrode with a skewed distribution 

(Figurea,b). Platelet volumes reached a maximum size of 11,700 ± 5,000  µm3. At 7V, which had 

a peak temperature increase of 22 °C, the distribution was bimodal with peaks of platelet 

Figure 5.6: Simultaneous heat injury and whole blood perfusion. (a) Platelet accumulation on 
EC heated by 7 V and 8 V for 30 s followed by 6 min of whole blood perfusion at 150 s-1. Red 
numbers indicate locations directly over the gold electrode. The electrode ranges from -725 to 
+725 µm (b) Platelet accumulation (green) along the channel near the electrode and a zoomed in 
view at x = 1 mm. EC labeled with DAPI (blue). White dotted lines indicated the location of the 
electrode. Channel image: scale bar = 500 µm. Zoomed in image: scale bar = 50 µm. 
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accumulation 1.5 mm upstream and 1.5 mm downstream of the electrode injury (Figure 5.7c,d). 

The upstream peak had aggregates that reached 4,700 ± 1,000  µm3 while platelet aggregates 

reached 10,400 ± 1,700  µm3 downstream of the electrode. Directly over the electrode there was 

little platelet accumulation. A similar trend was observed at 8 V, with a peak in platelet 

accumulation 1.5 mm upstream of the electrode and more substantial platelet accumulation 2-4 

mm downstream. Peak volumes of the platelets reached 3,900 ± 1,000   µm3 upstream of the 

injury and 13,100 ± 2,500 µm3 downstream of the injury (Figuree,f). Platelet adhesion correlated 

with the predicted temperature found at a give position for each voltage. For example, 

accumulation was found at predicted temperature increases of 16 °C- 22 °C. Changes in 

predicted temperature increases exceeding 23 °C resulted in EC death and little to no platelet 

accumulation. At 7 and 8 V the EC directly over the electrode had little recession and almost no 

platelet accumulation (Figurec,e). Downstream of the electrode at 7 V, large gaps between ECs 

and significant platelet accumulation in these gaps was observed (Figurec).  

Real-time measurement of platelet accumulation show platelet aggregates grow for the 

first 2-3 min of the assay on top of and between EC, followed by some shedding of loosely 

adhered platelets and platelet aggregates on top of EC (Figure C.8). Firm platelet aggregates only 

remained in the retracted spaces between P-selectin positive EC. At 7 V, whole blood perfusion 

at 1000 s-1 showed similar aggregate volumes as at the 150 s-1 injury (Figure C.9). A bimodal 

distribution had peak volumes of 4,600 ± 1,800 µm3 upstream of the electrode and 8,600± 1,900 

µm3 downstream of the electrode. These data show that the model can support platelet adhesion 

at both venous and arterial shear rates, but that the final volume of platelet aggregates is not 

strongly dependent on shear rate. Platelet adhesion between heat activated EC is mediated by 

GPIbα and α6β1 receptors 
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During the flow assay, platelets rolled on EC, but permanent deposition was only 

observed in the gaps between EC. Because VWF strings were released by heat-activated EC 

(Figure 5.5), we expected that platelet adhesion is at least partially supported by GPIbα-VWF 

interactions. Indeed, inhibition of GPIbα resulted in a three-fold reduction in peak platelet 

aggregate volume over the electrode on EC stimulated by 6.5 V (Figure 5.8a). EC secrete  

 

Figure 5.7: Whole blood perfusion following heat injury. Platelet volumes and representative 
images of platelet accumulation at 150 s-1 following heating by 6.5 (a-b), 7 (c-d) and 8 (e-f) V 
for 30 sec. Red numbers indicate locations directly over the gold electrode. The electrode ranges 
from -725 to +725 µm. Scale bar = 50 µm. 
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laminin28 and we found that in this model the matrix beneath EC was laminin-rich (Figure 5.4). 

Platelets can firmly adhere on laminin through the integrin α6β1 at venous shear rates as used in 

these experiments29. In the presence of an anti-α6 function-blocking antibody there was a 

dramatic reduction in platelet accumulation and almost no visible aggregation (Figure 5.8). 

Inhibition of αIIbβ3 was a negative control that resulted in no aggregation and only individual 

platelets adhered between the EC (Figure 5.8). Combining anti-α6β1 with either anti-αIIbβ3 or anti-

GPIbα lead to near complete inhibition of platelet adhesion (Figure 5.8a,b).  

 To compare the EC secreted extracellular matrix to purified proteins, platelets were 

perfused over surfaces of laminin and fibronectin and a 1:1 mixture of both. These proteins were 

chosen because fibronectin is used for seeding EC and laminin is present in the ECM (Figure 

5.4). A mean platelet volume of 73,900 µm3 accumulated over a 1:1 mixture of laminin and 

Figure 5.8: Platelet adhesion between heat activated EC is mediated by GPIbα and α6β1 
receptors. (a) Platelet aggregate volumes over the electrode following perfusion of EC heated by 
6.5 V for 30 sec in the presence of anti-GPIbα, abciximab (anti-αIIbβ3), and anti-α6β1

 antibodies. 
Error bars indicate standard error of the mean across donors at each condition. Significant 
differences (p<0.01) denoted by *. (b) Representative images of platelet adhesion in presence of 
blocking antibodies. Scale bar = 30 µm. 



 113 

fibronectin (Figure C.10). Mean volumes of 1,160 µm3 and 22,000 µm3 were measured on 

fibronectin and laminin, respectively. These conditions were compared to platelet aggregate  

 

 volumes obtained on heat-treated EC at the position of the maximum size (Figure 5.7). Platelet 

aggregate volumes were normalized by the area available for adhesion (Table 5.2). 

The normalized platelet aggregate volumes in the EC injury model at 6.5, 7, and 8 V 

were 1.04 µm3 /µm2, 1.00 µm3 /µm2, and 1.12 µm3 /µm2, respectively. These volumes are less 

than the purified 1:1 laminin:fibronectin surface (1.65 µm3 /µm2), but more than laminin alone 

(0.49 µm3 /µm2).  

Excessive heating of ECM proteins can alter their adhesive properties. Applying 7 V for 

30 sec to a mixed laminin-fibronectin surface, but not fibronectin alone, resulted in diminished 

platelet adhesion at the hottest predicted position of the channel, directly downstream of the 

electrode (Figure C.11). There was little to no platelet adhesion at this same position in the 

presence of EC (Figure 5.7). In the simultaneous heat injury and blood perfusion model, 

maximum platelet accumulation occurred at this position suggesting platelet activation and 

integration was an artifact of heating (Figure 5.6).  

Table 5.2: Platelet aggregate volumes on purified protein and heat-injured EC surfaces. The 
mean volumes for the heat-injured EC are obtained from the location of the maximum platelet 
volume at each voltage. The corresponding mean area and area fraction of exposed ECM at each 
location is reported. The mean volume is divided by the mean area of the ECM available for 
adhesion to obtain the normalized mean volume. 

Surface 
Mean 

Volume 
(µm3) 

Mean Area of exposed 
ECM (µm2) (Area 

Fraction) 

Normalized Mean 
Volume (µm3 /µm2) 

Fibronectin 1,160 44,900 (1) 2.58×10-2 
Laminin 22,000 44,900 (1) 4.90×10-1 
Laminin and fibronectin 73,900 44,900 (1) 1.65 
Injury at 6.5 V 11,700 11,200 (0.25) 1.04 
Injury at 7 V 10,400 10,300 (0.23) 1.00 
Injury at 8 V 13,100 11,700 (0.26) 1.12 
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5.4.7 Correlating EC activation, viability and platelet accumulation with temperature 

Figure 5.9a shows a heat map of the predicted temperature increase from Model 2, dead 

cell fraction, P-selectin and annexin V positive EC, VWF secretion, degree of EC recession, and 

platelet accumulation at different positions for a 7V heat injury prior to blood flow. The highest 

predicted temperatures correlate with the highest fraction of dead cells. The most P-selectin 

positive EC were found on dead cells, but there is also considerable expression on viable cells, 

that experience significant heating. PS exposure as measured by annexin V expression was 

primarily found to overlap with the dead cells, suggesting that viable, but activated EC may 

support PS-mediated coagulation reactions. Measurable VWF strings were present in the entire 

channel, but were elevated between 0.5 mm upstream and 3.0 mm downstream of the channel, 

similar to the distribution of P-selectin. In the downstream region of 1.5-3.0 mm, EC were viable,  

VWF secreting, and mostly P-selectin positive. It is in this region where EC retraction and 

platelet accumulation was most prominent (Figure 5.9b). Based on these data we define three 

distinct zones: (1) A kill zone that occurs above a certain temperature where there is little EC 

recession and platelet accumulation. (2) An activation zone characterized by the presence of P-

selectin positive and viable EC where EC retract providing a VWF and laminin-rich surface for 

platelets adhesion. (3) A quiescent zone where EC are viable and not activated that does not 

promote platelet adhesion.  

5.5 Discussion 

The objective of this study was to develop an in vitro focal injury model in which an area 

of activated EC that would promote platelet adhesion was surrounded by an area of quiescent EC 

that would inhibit platelet activation. We used resistive heating of a surface microelectrode to 

provide a heat source to focally stimulate cultured EC in microfluidic channels. Computational 
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models were developed to aid in the interpretation of experimental results and predict the 

temperature distribution as a function of flow conditions and applied potential. We used EC 

activation markers, EC recession, and viability to characterize the response of EC to elevated 

temperatures. Whole blood flow assays showed that millimeter-scale EC activation zones could 

Figure 5.9: Correlating EC activation, viability and platelet accumulation with temperature. (a) 
A heat map compares the predicted temperature from Model 2, fraction of dead cell fraction, 
fraction of P-selectin positive cells, VWF secretion, EC recession and platelet accumulation 
(after heating) as a function of position for EC heated by 7 V for 30 sec. Each parameter was 
normalized by the largest value in the data set. Red text indicates the position of the electrode. 
(b) Representative images show simultaneous labeling of P-selectin, VWF secretion and platelet 
secretion overlaid. Scale bar = 50 µm 
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be achieved that supported firm platelet adhesion and aggregation, primarily through GPIbα and 

α6β1 receptors. 

Predicted heating from computational models were correlated to different zones of EC 

activation and platelet accumulation. A kill zone corresponded to peak temperature increases of 

greater than 23 °C characterized by EC death, elevated levels of P-selectin and VWF, but did not 

support platelet adhesion. An activation zone corresponded to peak temperature increases of 16-

22 °C characterized by viable EC, elevated levels of P-selectin and VWF, significant recession of 

EC, exposure of the underlying extracellular matrix, and supporting robust platelet adhesion and 

aggregation. A quiescent zone corresponded to peak temperature increases of less than 15 °C 

characterized by EC that were viable, did not show an increase in P-selectin or VWF exposure 

over unheated cells, and did not support platelet adhesion. The transition between the kill zone 

and activated zone is apparently quite sensitive to temperature since we observed little activation 

at 6 V (predicted temperature = 15 °C) over the electrode and significant levels of cell death at 7 

V (predicted temperature = 23 °C) and 8 V (predicted temperature = 30 °C). At 6.5 V (predicted 

temperature = 19 °C) we were able to focally activate EC and promote platelet adhesion without 

significant cell death. The transitions between these phenotypes were not sharp, but rather follow 

the gradients in predicted surface temperature.  

Observations in this injury model were consistent with other in vitro and in vivo injury 

models of heat-induced cell injury. In a baboon heat stroke model, exposure to environmental 

heat stress until a core temperature of 42.5 °C was attained caused widening of gaps between the 

EC, increased content release of the Weibel Palade bodies, tissue factor exposure, and 

endothelial cell-platelet interactions30. Many of these features were also observed in our 

microelectrode heating model. Other in vitro models have shown cell death after hyperthermia, 
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as we observed at peak temperature changes greater than 23°C. For example, murine 

mastocytomas subjected to temperature increases 42 - 47°C have accelerated apoptosis and 

necrosis as the thermal dose is increased31.  

In our model, platelet accumulation was completely abolished directly over the electrode 

at 7 and 8 V, which corresponded to 23-40 °C temperature increases in our computational model. 

As was shown in our control experiments performed with ECM proteins, platelet adhesion was 

not supported just downstream of the electrode after 7 V had been applied. Borst et al., also 

demonstrated decreased platelet adhesion to thermally injured subendothelium after 15 s of 

exposure to elevated temperatures, which was largely attributed to denaturation of VWF. 

Decreases of 25%, 50% and 75% platelet accumulation on the ECM were found to occur at 

temperatures increases of ~ 32, 35 and 38 °C32.  

Heat-induced EC activation recreates some features reported in laser injury models of 

thrombosis. The matrix proteins that are exposed in this model depend on the degree of the 

injury. Moderate laser power can yield superficial vessel injuries in which the EC layer is 

denuded, exposing the subendothelial matrix, without significant exposure of the vessel wall.32 

In this case, platelet adhesion is mediated primarily by laminin, VWF, and type IV collagen, all 

of which are present in the ECM exposed in our heat injury model. Importantly, the data 

presented here show ECM proteins and platelet adhesion are significantly influenced by even 

modest temperature changes. Therefore, laser intensities that either alter the structure of ECM 

proteins or directly heat platelets, could influence initial platelet adhesion in these models.  

Heat-induced EC activation recreates aspects of chemical injuries induced by calcium 

ionophore or staurosporine. Staurosporine, a nonspecific protein kinase inhibitor, causes EC to 

undergo apoptosis and support platelet adhesion34,35. High temperatures in our heat injury model 
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lead to EC death and exposure of PS, however these areas to do not support platelet adhesion, 

possibly due to denaturation of ECM proteins. Calcium ionophore, a secretagogue of Weibel-

Palade bodies36, induces transient platelet adhesion via GPIbα in a mouse mesenteric venule37. 

However, no endothelial cells are denuded and platelets do not aggregate. The combined release 

of Weibel-Palade bodies and EC recession were necessary for firm platelet adhesion in the heat 

injury model. A distinct advantage of our electrode heat injury over these chemical injuries is the 

spatial control of EC activation. 

Platelet accumulation in the EC activation zone was mediated by GPIbα and α6β1 

receptors. Inhibition of GPIbα resulted in less observed rolling over EC, but platelets were still 

able to adhere in the gaps between receded EC. At the shear rate (150 s-1) used in this study, 

GPIbα is not necessary for platelet adhesion, but likely aids platelet recruitment to the EC 

surface and aggregation through VWF. Previous in vivo and in vitro studies show a supporting 

role for GPIbα mediated adhesion and activation at low shear rates.25,38,39 Interactions between 

the integrin α6β1
 and the extracellular matrix between EC were necessary for robust platelet 

adhesion and aggregation. Platelet interaction has previously been demonstrated between laminin 

and platelet integrin α6β1
40

. A 69% and 82% reduction in thrombus volume is reported in 

guidewire and moderate laser injury models, respectively, with an α6
-/- mouse. These results are 

also supported by studies that demonstrate platelet adhesion and aggregation are dependent on 

synergistic interactions between αIIbβ3, α6β1 and α5β1 on the ECM of carotid arteries that have 

been dissected and ligated with a surgical filament to induce injury.41  

Cumulative platelet accumulation and their spatial distribution were influenced by EC 

phenotype. Platelets firmly adhered and aggregated only in the gaps between the retracted EC. 

Moreover, platelet aggregate volumes were smaller in these gaps than on laminin-fibronectin 
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surfaces. There was also little difference in platelet aggregates formed at average wall shear rates 

of 150 and 1000 s-1, in contrast to in vitro flow assays on purified proteins42. These observations 

may be due to platelets favoring adhesion in the low shear stress valleys between EC or by 

secretion of platelet inhibitors such as NO.43 We have previously shown the mass transfer 

limitations of NO inhibition of platelet aggregation as a function of shear rate using NO release 

from polymers.44,45 Of note was the prediction that NO would only be an effective platelet 

inhibitor within tens of micrometers of an adhesive surface, which is the case for the gaps 

between EC in the activation zone in the heat-injury model presented here. Future studies are 

needed to determine the relative roles of rheology, transport and the pro- and anti-platelet 

mechanisms of EC on platelet accumulation as a function of injury size and this model may 

provide a valuable tool for exploring these interactions.  

While temperature was not measured directly in microfluidic channels, we used a 

computational model to make predictions of the temperature distribution. Even if there were 

discrepancies between the model and experiment in the absolute temperature, the relative 

differences between applied potential were likely well predicted by the model since the 

temperature and applied voltage were linearly proportional. EC response to mechanical and 

oxidative stresses depends on both the magnitude and duration of the insult46. We would expect 

the same hold true for temperature, but here, we limited studies to a constant duration of heating 

of 30 sec. A limitation of this model was that whole blood could not be perfused simultaneous to 

EC activation. During heating, temperature changes occurred across the height of the channel, 

heating the whole blood and causing platelet activation. This was confirmed by experiments that 

showed significant platelet adhesion and aggregates to fibronectin following heating in the 
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absence of EC. Future studies are needed to determine if heat pulses with shorter periods, but 

higher intensity, could provide EC activation without affecting platelet function.  

5.6 Conclusion 

We developed a focal vascular injury model in which EC are activated by resistive 

heating of surface microelectrodes. EC could be differentially activated or killed as a function of 

the temperature at the millimeter length scale. Here, a simple electrode with a fixed width was 

used, but the same fabrication procedure could be used to define smaller or larger electrodes, or a 

series of electrodes within a single channel to define multiple activation zones. This model 

provides a tool for studying platelet interactions with subendothelial matrices in the presence of 

activated EC surrounded by quiescent EC. This is in contrast to the majority of in vitro flow 

assays that use either purified proteins or activation of entire surfaces of EC. The juxtaposition of 

quiescent and activated EC allows for future studies related to relative roles of pro- and 

antithrombotic function of EC as function of injury size, shear stress and EC activation state.  
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CHAPTER 6   

ROLE OF ENDOTHELIAL CELL-DERIVED NITRIC OXIDE IN REGULATING PLATELET 
AGGREGATE FORMATION IN A MICROFLUIDIC VASCULAR INJURY MODEL 

This chapter is in preparation for submission. 

J. L. Sylman1, M. Ramirez2,  

 and K. B. Neeves3 

6.1 Abstract 

 The objective of this study was to quantify the effect of endothelial cell (EC)-derived NO 

on platelet aggregation in a focal heat injury model under static or prolonged shear stress 

conditions. Nitric oxide synthesis was inhibited using L-NG-Nitroarginine methyl ester (L-

NAME), a competitive inhibitor highly selective for endothelial nitric oxide synthase (eNOS), 

the enzyme required for NO production in EC. In a single injury model, platelet deposition was 

not affected in the presence of L-NAME at 150 s-1 but showed an increase at 1000 s-1.  In a dual 

injury model, where sequential injuries were separated by 3 mm, platelet deposition at 150 s-1 

increased at the downstream injury in L-NAME treated EC compared to the control for each 

donor tested. These data suggest NO released between two sequential injuries inhibits activated 

platelets from the upstream injury depositing at the downstream injury. EC exposed to 9 dyn cm-

2 for 48 h prior to conducting the flow experiment showed a significant increase in platelet 

accumulation after a single injury with L-NAME in comparison to the control condition. These 

results suggest higher NO synthesis and release from EC exposed to shear stress over several 

hours has a more potent platelet inhibitory effect compared to the EC exposed to shear stress for 
                                                

1 Primary author and researcher 
2 Co-author, Visiting Boettcher scholar 
3 Author for correspondence, co-advisor 
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a few minutes. These data show that culturing EC under prolonged shear stress significantly 

alters their phenotype and influence on platelet aggregation in a focal injury heat injury model.

6.2 Introduction 

Nitric oxide is a critical signaling molecule that is synthesized from L-Arginine by nitric 

oxide synthases (NOS). Three isoforms of NOS contribute to NO production: endothelial NOS 

(eNOS), neuronal NOS (nNOS), and inducible (iNOS)1. The primary enzyme for NO production 

in endothelial cells (EC) is eNOS2. EC-derived NO is critical in regulation of vascular tone3, but 

its influence in controlling clot growth is not as well characterized. Some thrombosis models 

with eNOS deficient mice demonstrate less thrombotic and sometimes anti-thrombotic 

phenotypes4,5, whereas others observe elevated incidence of thrombosis6,7. The exact role of 

eNOS-derived NO remains unknown because in vivo models have a number of simultaneous 

processes such as tissue damage, coagulation, and blood flow, making it difficult to identify the 

precise role of NO on platelets.  Here, we control the hemodynamics, injury size, and EC 

phenotype to investigate the importance of EC-derived NO towards regulating platelet 

aggregation. NO function is tested in three configurations of our previously developed heat-

induced EC injury model8: a single injury model, a dual injury model and a prolonged shear 

stress model.  

A dual injury is a representation of vascular pathologies, such as sepsis or disseminated 

intravascular coagulation, in which clotting is systemic and small clots form throughout the 

body9,10. Previous in vitro methods with arrays of extracellular matrix protein spots to model 

focal injuries, demonstrate that without EC function, clot size increases in the downstream 

direction11,12. NO is known to cause platelet agonists such as ADP and thromboxane to be less 

potent13. We hypothesize that in a scenario of sequential injuries separated by NO-releasing EC, 
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non-adhered activated platelets traveling from an upstream clot will be returned to a quiescent 

state, thereby preventing reinforced clot growth at a downstream injury.  

The prolonged shear stress model is inspired by data that induction of eNOS gene 

expression and sustained NO release occurs on the time scale of several hours. eNOS is 

constitutively expressed at a basal levels but has enhanced expression and NO production with 

increasing shear stresses 2,14,15. Kuchan et al. describe NO production in a biphasic manner; there 

is a burst of NO at the onset of shear stress followed by sustained production15. The initial 

production is dependent on the rate of shear stress change. Sustained NO production depends on 

the magnitude of the shear stress over a range of 6-25 dyn cm-2. Thus, the magnitude and 

duration of shear stress regulate eNOS mRNA levels and NO production. For example, eNOS 

from bovine aortic EC have significantly higher eNOS mRNA levels and protein expression after 

exposure to 15 dyne cm-2 for 24 h16. The single injury model used in this study, in which EC are 

only put under shear stress five minutes prior to the blood perfusion will be conducted and 

compared to the effect of the shear stress over 48 hours. To our knowledge, no model has 

assessed the interactions of platelets and EC under shear stress in a focal injury model.  

 A specific eNOS inhibitor is necessary to test our hypothesis that eNOS-generated NO 

inhibits platelet aggregate formation in our various injury models. A variety of inhibitors are 

available to block NO production from different NOS isoforms including L-arginine analogs, 

heme binding imidazole and indazole derivatives, calmodulin antagonists, redox-active dyes and 

flavoprotein inhibitors17. The largest class and most reliable inhibitors available are the L-

arginine analogs. L-NAME is a synthetic and highly selective molecule for eNOS and nNOS18. 

L-NAME binds to eNOS noncovalently with a slow on- and off-rates19. Compared to other L-

arginine derivatives, L-NAME has a substantially higher solubility of 30 mg/mL in an aqueous 



 127 

environment, but is comparatively a weak NOS inhibitor. It must be readily hydrolyzed by 

esterases to its active form, L-Nω–Nitroarginine (L-NNA) before it is effective in a biological 

system20. Previous in vitro and in vivo studies demonstrate that L-NAME inhibitor blocks the 

formation of NO from L-arginine by the vascular endothelium18,21. 

Here we show the significance of NO derived from EC in a heat-based injury model, in 

which it is possible to have EC with an antithrombotic phenotype surround activated EC with a 

prothrombotic phenotype. Platelet accumulation in this model is driven by adhesion to EC-

derived laminin and VWF8.Three case studies were considered; a single injury model, a dual 

injury model, and a single injury after prolonged shear stress exposure. L-NAME was used as an 

eNOS inhibitor. From this study it was shown that EC-derived NO reduces platelet deposition at 

downstream injuries and shear stress conditioned EC potentiates NO-mediated platelet inhibition.   

6.3 Materials and Methods 

Human umbilical endothelial cells (HUVEC), F-12K medium, Trypsin-EDTA, and 

penicillin streptomycin (10,000 IU/mL penicillin, 10,000 µg/mL streptomycin) solution were 

from American Type Culture Collection (ATCC) (Manassas, VA). Pacific Blue anti-human 

CD41 and anti-human von Willebrand Factor (VWF) was from BioLegend (San Diego, CA). 

FPR-chloromethylketone (PPACK) (75 µM) collection tubes were from Hematologic 

Technologies Inc. (Essex Junction, VT). L-NG-Nitroarginine methyl ester was obtained from 

Cayman Chemical (Ann Arbor, MI). Endothelial cell growth supplement (ECGS), bovine 

fibronectin, standard gold etchant, standard chromium etchant, dimethyl sulfoxide, Triton™ X-

100, and dextran from Leuconostoc mesenteroides (MW 150,000) were from Sigma Aldrich (St. 

Louis, MO). Gold shot (<4 mm pieces) and chromium shot (0.8 mm – 6 mm pieces) were from 

Kurt J. Lesker Company (Clairton, PA). (Tridecafluoro-1,1,2,2-tetrahydooctyl) 
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trichlorosilane was from Gelest (Morrisville, PA). Phosphate buffered saline (PBS; 137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4•2 H2O, 2 mM KH2PO4, pH 7.4), HEPES buffered saline 

(HBS; composed of 1 M HEPES, pH 7.2) and isotonic glucose buffer (5% dextrose, pH 2.7) 

were made in-house. Polydimethylsiloxane (PDMS) was from Sylgard 184 (Dow Corning, 

Midland, MI). Complete cell culture media (includes 100 IU/mL penicillin, 100 μg/mL 

streptomycin, 0.1 mg/mL heparin, 0.05 mg/mL ECGS, and 10% fetal bovine serum) and serum 

free media were made in-house.  

6.3.1 Fabrication of microelectrodes 

The fabrication of the microelectrodes has been previously described8. Briefly, 

Chromium (Cr) (10 nm) and gold (Au) (75 nm) were deposited on the glass substrates by thermal 

evaporation. Electrodes were patterned by photolithography and wet etching.  

6.3.2 Endothelial cell seeding and culture in microfluidic channels 

PDMS microfluidic channels were fabricated using standard methods with KMPR 

patterned on a silicon wafer used a master22. The method of fabrication is described in previous 

studies8. Briefly, a four channel device with cross-sectional dimensions of 100 µm × 1,000 µm 

was oxygen plasma bonded to a 40 µm PDMS thin film of PDMS (Figure C.1). The devices 

bonded to the PDMS coated slide so that the thin PDMS film formed the bottom wall of the 

channel. Channels were sterilized with 70% ethanol for 10 min, flushed with serum free F-12K 

and then stored in an incubator for 30 min and then fibronectin (50 µg/ml) in serum free media 

was incubated in the channels for 12- 14 h. The channels were rinsed with complete F-12K and 

seeded with HUVEC at a concentration of 300,000-500,000 cells/mL in 6.25% dextran modified 

buffer. Fresh complete F-12K was replaced over the cells on a daily basis. Confluence was 

achieved within two days and cells were used for experiments within 2-3 days of seeding (Figure 
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C.2).  

6.3.3 Endothelial cell seeding under prolonged shear stress 

A modified protocol was followed to grow cells under shear stress for extended periods. 

HUVEC were seeded into 50 µm × 500 µm devices, with 14 cm of tubing attached at the outlet. 

The dimensions of the device were reduced compared to static culture described above in order 

to use less than 35 mL of media per channel each day. Two hours after seeding, the devices were 

immersed in a media reservoir, providing a ~10 mmH2O difference between the inlet and outlet. 

Due to a low volume to surface area ratio, fresh media was slowly replenished at a shear stress of 

1 dyn cm-2 for 2-3 days so that the cells were not deprived of nutrients. When the cells were 

confluent, the media reservoir was filled and the cells were elevated 6 cmH2O from their outlets 

to achieve a wall shear stress of 9 dyn cm-2 for 48 h prior to the blood perfusion.  

6.3.4 Blood collection and treatment 

All blood collection procedures followed the Declaration of Helsinki and the University 

of Colorado, Boulder Institutional Review Board approval. Human whole blood was obtained by 

venipuncture from donors that had not consumed alcohol for 48 h or prescription or over-the-

counter drugs during the 10 days prior excluding oral contraception. An initial vacutainer was 

discarded and then four milliliters of whole blood were collected into vacutainers containing 

PPACK (75 mM). Samples were incubated with anti-human CD41 at 1:50 dilution for 20 min.  

6.3.5 Whole blood flow assays 

HUVEC-seeded microfluidic channels were transferred onto glass slides containing the 

patterned and insulated electrode. Fifteen hours prior to the assay, EC were either treated with 0 

or 2 mM L-NAME inhibitor. In the case of the prolonged shear stress experiment, the inhibitor 

was applied under flow conditions. Experiments were performed in a heated microscope 
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incubator at 37°C and 5% CO2 (INUG2A ZILCS, Tokai Hit). Complete media was withdrawn at 

15 µL/min (1000 µm × 100 µm device) or 1.625 µL/min (500 µm × 50 µm device) using a 

syringe pump (PHD 2000, Harvard Apparatus) for 2 min and then the flow was stopped during 

the voltage application. The device was allowed to come to thermal equilibration for 10 min.  For 

the single injury model and prolonged shear stress model, 5.5 V was applied for 30 s, followed 

by a cooling period for 2 min. For the dual injury model, 5.5 V was applied at the upstream 

electrode for 30 s, followed by a 40 s cooling period, which allowed the electrode temperature to 

cool by 90%. Voltage was then applied to the downstream electrode for 30s. For both the single 

and dual injury models, complete media was withdrawn at flow rate of 15 µL/min and 100 

µL/min (just for the single injury) corresponding to a wall shear rate of 150 s-1 or 1000 s-1 for 2 

min after the heat injury. Finally, whole blood that was or was not treated with L-NAME (2 mM) 

was perfused at the same flow rate as the media perfusion for 7 min. For the prolonged shear 

stress model, dextran modified complete media and blood that was or was not treated with L-

NAME (2 mM) were withdrawn at a flow rate of 12.5 µL/min, corresponding to a shear rate of 

1000 s-1, which corresponds to shear stress of 9 dyn cm-2 assuming a blood viscosity of 3.5 cP. 

6.3.6 Image analysis 

Following the perfusion of the whole blood, complete media was perfused through the 

device for 2 min to rinse out the non-adherent blood cells. Adhered cells were then fixed with 

2% paraformaldehyde in PBS for 2 min. EC were rinsed with PBS, permeabilized with 0.2% 

Triton detergent for 10 min, rinsed with PBS and labeled with anti-VWF (1:100) and DAPI 

(1:1000) for 1 h at room temperature. Fixed platelet aggregates and endothelial cells were 

imaged by confocal microscopy at 1.5 mm intervals up- and downstream of the electrode(s). 

Total platelet volumes in a frame (212 µm × 212 µm) were measured using the z-stack function 
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on the confocal microscope with a 1 µm slice height. The Stack Tool in ImageJ (NIH, Bethesda, 

MD) was used to threshold three-dimensional reconstructions and calculate volumes.  

6.3.7 Computational model of heat transfer for dual heating model 

A single injury model has been modeled previously using finite element method software 

to predict the in situ temperature experienced by the EC inside the channel (COMSOL, 

Burlington, MA) (Chapter 5)8. All parameters and models have been described previously (Table 

5.1). Here, we performed a simulation of the single and dual injury models to predict the 

temperature increases experienced by the EC under static conditions, instead of flow conditions, 

to keep the injuries more localized. For the dual injury model, the other difference was that 

electrodes were positioned 1.5 mm upstream and downstream from the center of the 10 mm long 

channel (Figure 6.1a-b).  The electrode heat source was modeled as a 30 s rectangular square 

wave of voltage for both electrodes, with a 40 s delay between the two square waves to match 

experimental protocols (Figure 6.1c).  

6.3.8 Statistical procedures 

Data are presented as individual data points for 2-5 donors for each experimental 

condition.  Each platelet volume was normalized by the maximum platelet volume found within 

the control condition of each donor. Differences in platelet volumes were compared between the 

control and L-NAME treated condition for each individual donor at the injury center and 1.5, and 

3.0 mm upstream and downstream of the electrode injury center.  Due to the number of donors (n 

= 2), no statistical tests were conducted. Graphs were created using Prism 5 (GraphPad Software, 

Inc., La Jolla, CA).   

 



 132 

6.4 Results 

The role of EC-derived NO was measured in the following experimental conditions: a 

single injury model in which voltage was applied at 5.5 V at x = 0 and blood was perfused at 150 

and 1000 s-1; a dual injury model in which electrode centers were separated by 3 mm and 5.5 V 

were sequentially applied at x = ± 1.5 and blood was perfused at 150 s-1; a prolonged shear stress 

injury model in which EC had been cultured at 9 dyn cm-2 for two days prior, voltage was 

applied at 5.5 V at x = 0  and blood was perfused at 1000 s-1. 

Figure 6.1: Schematic of the (a) single and (b) dual injury electrode locations. (c) A description 
of the geometrical layout of the model system used to complete the COMSOL simulation.   
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6.4.1 Temperature characterization of the single and dual injury model 

Resistive heating of HUVEC was induced by applying 5.5 V at either a single location or 

two locations separated by 3 mm. For the single injury model, the center of the electrode at x = 0 

was heated for 30 s, which resulted in a predicted a 20 °C temperature increase (Figure 6.2a). For 

the dual injury model, the upstream injury was applied for 30 s at x = -1.5 mm inducing a 20 °C 

temperature increase and then the electrode was allowed to cool for 40 s prior to applying the 

second downstream injury at x = 1.5 mm which caused a 21°C peak temperature increase (Figure 

6.2b). The slightly higher temperature at the downstream electrode may be due to some residual 

heat from the first voltage application. At x = -3 mm, upstream of the first electrode, there was a 

10 °C peak temperature increase during the first heating segment and a 4 °C temperature increase 

in the second heating period. At x = 3 mm, downstream of the second electrode, there was a 4 °C 

temperature increase during the first heating stage and a 10 °C temperature increase during the 

second heating period. At x = 0, the halfway point between the two electrode, the EC  

 

Figure 6.2: Temperature profiles for the (a) single injury model and (b) dual injury model. For 
the single injury model, the voltage was applied for 30 s at x = 0. For the dual injury, the voltage 
(5.5 V) was applied for 30 s at x = -1.5 mm, after which  the electrode was allowed to cool for 
40 s and then a second voltage (5.5 V) was applied for 30 s at x = 1.5. 
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experienced an 11 °C temperature increase during both heating periods (Figure 6.2). 

6.4.2 Single Injury Model 

 Single injuries were performed in which the EC were heated at the center of the electrode 

for 30 s prior to introduction of the whole blood. Whole blood was perfused over the heated EC 

at shear rates of 150 and 1000 s-1. At 150 s-1, no significant different was found between L-

NAME aggregate volumes and the untreated conditions at x = 0, the location of the center of the 

electrode (Figure 6.3a). At 1000 s-1, there was a trend towards larger platelet aggregates in the 

presence of L-NAME, with 1.3 and 1.9-fold increases compared for each donor at x = 0 (Figure 

6.3b). Little to no platelet accumulation occurred upstream and downstream of the injury. At 

both shear rates, similarly sized aggregates formed at the L-NAME and control conditions. VWF 

was embedded in the platelet aggregates formed at 1,000 s-1. (Figure 6.3). 

6.4.3 Dual Injury Model 

 EC were heat-activated sequentially in two locations separated by 3 mm for 30 s. The 

center of the x-axis was defined so that the injuries occurred at x = ± 1.5 mm. At the upstream 

electrode, occurring at x = -1.5 mm, there was no trend in normalized platelet volumes between 

the L-NAME and control conditions (Figure 6.4). For the downstream electrode, at x = 1.5 mm, 

platelet volumes were 2.5 and 3.2-fold larger for each respective donor at the L-NAME condition 

compared to the control condition (Figure 6.4). Large platelet aggregates were visible over the 

downstream electrode in the L-NAME channel between the EC, which had receded their 

membranes and lost their tight junctions. Within the L-NAME treated channel, the platelet 

volumes acquired at x = 1.5 were 4.9 and 3.0-fold higher than the platelet volumes measured at x 

= -1.5, while within the control channel, there was no difference between the platelet volumes at  

 



 135 

 

 

 

 

 

 

 

 

 

 

x = ±1.5 mm.  Moderate platelet aggregation occurred between the two electrodes at x = 0 while 

negligible platelet adhesion and aggregation occurred at x = ±3 mm. 

6.4.4Prolonged Shear Stress Single Injury Model 

 EC were cultured under 9 dyn cm-2 for 48 h prior to being heat-activated and the blood 

perfusion. After perfusion, the resulting platelet aggregates were found to be 5.1 and 11.4-fold 

larger for each respective donor in the condition with L-NAME versus the control condition at 

x=0 (Figure 6.5). Massive, well-built platelet aggregates formed in the L-NAME treated channel 

 

Figure 6.3: Single injury model in which the voltage was applied at x = 0. Normalized platelet 
deposition is shown after application of 5.5 V at x= ± 3 mm, ± 1.5 mm and x=0.  Representative 
images are of the clots at x = 0. Scale bar = 50 µm. Blood perfusion was performed at (a) 150 s-1 
(n = 5 donors) and (b) 1000 s-1 (n = 2 donors). The red number indicates the location of the 
electrode. 
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between the receded EC while smaller platelet aggregates developed in the control treated 

channel. VWF was embedded in aggregates formed at both conditions. Negligible platelet  

Figure 6.4: Dual injury model in which the voltage was applied at x =  ± 1.5. Normalized 
platelet volumes for control and condition with 2 mM are quantifieded at various injury 
distances. Representative images for the control and L-NAME condition are shown at x =  ± 1.5. 
Scale bar = 50 µm. The red numbers indicate the location of the electrode.  (n = 2 donors) 

Figure 6.5: Single injury model in which the voltage was applied at x = 0 and EC were under 9 
dyn cm-2 for 48 h prior to the blood perfusion.. Platelet deposition in the presence and absence 
of L-NAME is shown after application of 5.5 V at x= ± 3 mm, ± 1.5 mm and x=0. 
Representative images for the control and L-NAME condition are shown at x = 0. Scale bar = 50 
µm. ( n = 2 donors) 
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deposition occurred at x =  ±1.5 mm and x =  ± 3 (Figure 6.5).  

6.5 Discussion 

 The purpose of this study was to determine the role of EC-derived NO in regulating 

platelet aggregation in a focal injury model under physiological flow conditions. Using a 

previously established heat injury model, the hemodynamics and number of injuries were 

modulated and platelet aggregate volumes over the electrodes were quantified in the presence 

and absence of an eNOS inhibitor, known as L-NAME. The benefit of using this injury model, is 

that unactivated, antithrombotic EC are adjacent to activated, prothrombotic EC, where platelet 

accumulation occurs, so it is possible to measure how antithrombotic mechanisms from EC 

contribute to clot regulation.  

 In the dual injury model, an increase in the platelet aggregate size was found for each 

donor in the L-NAME treated compared to the control channel over the downstream electrode, 

while no trend was found at the upstream electrode. This suggests that NO being released 

between the sequential injuries may play a role in inhibiting activated platelets that have not 

adhered to the upstream clot from accumulating downstream. Previous in vitro models with 

sequential injuries have shown injuries grow in size in the direction of flow11,12. By incorporating 

EC function in this model, we find that downstream injury buildup is, in part, regulated by EC-

derived NO. The temperature profile of the dual injury model was predicted using a model 

simulation. We were interested in the temperature increase experienced by the EC between the 

two injury spots. From the model, we predict that the EC between the two electrodes experienced 

a 10°C increase twice with 40 s in between. Though a 10°C increase is not enough to activate the 

EC based on our previous results8, there is a possibility that two sequential exposure could lead 

to activation. Future work is necessary to measure markers of EC activation and viability. The 
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NO release from heat-activated, but viable EC is unknown – it is possible that it can be 

upregulated to account for additional stress.  This could be measured by monitoring NO release 

using diaminofluoresceines (DAFs), which cause a 100-fold increase in fluorescence DAF in the 

presence of NO. The fluorescence emitted from EC could be observed as a function of the 

temperature and compared to the fluorescence obtained with known fluxes of previously 

characterized NO releasing polymers (Chapter 3)23.  

 EC cultured under prolonged shear stresses were found to have increases in platelet 

aggregate size for each donor in absence of eNOS-derived NO compared to the untreated 

condition. The difference between the L-NAME condition and the control condition in the 

prolonged shear stress model was substantially larger than the difference found in the single 

injury model. However, it is important to note that the single injury model was performed in a 

100 µm × 1,000 µm channel and exposed to little to no shear stresses in the days prior to the 

blood perfusion, while the prolonged shear stress model was performed in a 50 µm × 500 µm 

channel and exposed to 9 dyn cm-2 for 48 h. The results obtained imply that EC being exposed to 

shear stress for longer time scales in a 50 µm × 500 µm channel have substantially higher NO 

availability. Measurements of NO and eNOS activity show short and long time scale responses 

responses to shear stresses15,24. EC undergo mechanotransduction after exposure to shear stress 

that leads to modulation of their biochemical and gene regulatory responses25. Usually 

biochemical responses such as calcium/calmodulin dependent binding can happen immediately 

whereas responses requiring gene regulation occur on the order of hours. A previous study saw 

increases in NO in a few minutes after step changes in shear stress from 0.1 dyn cm-2 to 6, 10, or 

20 dyn cm-2 24 However, other studies measuring eNOS mRNA have demonstrated the several 

hours of shear stress are necessary to induce changes. eNOS from bovine aortic EC have 
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increased eNOS mRNA and protein expression after exposure to 15 dyne cm-2 for 24 h26. Others 

reported a two-fold increase in eNOS expression as early as 3 h after the shear stress exposure27. 

It has also been suggested that calcium/calmodulin responses are usually a burst effect while 

changes to the gene regulation lead to more sustained release. This sustained release of NO over 

a several hour time period, could explain why NO had such a dramatic effect in the prolonged 

shear stress injury model. Additionally the subendothelial matrix composition could vary 

depending on whether it is derived under static or flow conditions.  

 The dimensions of the channel could potentially influence NO availability. A smaller 

channel was used for the prolonged shear stress conditions to avoid using excessive amounts of 

culture media. However, blood flow in channels with this height need to consider the Fahraeus 

effect; reduction of the hematocrit in channels less than 300 µm28,29. Hemoglobin, contained 

within red blood cells (RBC) quickly consumes NO30, so there is a possibility that reduced 

hematocrit results in more NO availability. Further single injury and prolonged shear stress 

experiments should be performed in both sized channels to determine the channel size effect.    

In addition to NO derived from EC, the importance of NO derived from blood cells, 

specifically platelets and RBC, remains controversial. Platelet-derived NO has been shown to 

regulate thrombus formation in vitro and in vivo7,31,32. In one study, platelet adhesion was found 

to be inversely related to the NO production32. ADP-stimulated platelets were found to only 

release about 5 x 10-17 mole of NO/platelet over 2 min, but they accumulate substantially at the 

site of an injury and release Ca2+, a signaling molecule for NO release. However, using the 

reported platelet production rate and assuming a clot size of 10,000 fL (composed of ~1,430 

platelets) and a 10 µm height, a flux of 3.6 × 10-13 mol cm-2 min-1 would be expected – this flux 

is two to three orders-of-magnitude lower than reported EC fluxes33. Ozuyaman et al. also 
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challenged the functional significance of platelet derived NO, showing no significant difference 

between collagen-stimulated aggregometry of control and eNOS-/- (eNOS deficient) mouse 

platelets34. Gambaryan also found the eNOS mRNA from platelets is not detectable by RT-PCR 

and no NOS mRNA transcripts could be found35.  

Though RBC are generally considered a sink for NO, RBC eNOS appears to be 

functionally significant in platelet aggregometry experiments and a citrulline assay quantifying 

the conversion of L-arginine to L-cirtulline36. Its relative contribution to platelet inhibition 

compared to EC is unknown. The exact role of eNOS has been difficult to decipher in animal 

models of thrombosis, because eNOS regulates so many processes including platelet activity, 

vascular tone, blood flow, coagulation, and tissue damage. In these models, the interaction of 

eNOS derived from different cells types is difficult to resolve. Future work is needed to 

determine the relative roles of each of NO pools from blood cells and endothelial cells. One 

approach would be treating whole blood with L-NAME prior to being introduced to untreated 

EC channels. Platelet aggregate sizes could be compared to channels in which EC are incubated 

with L-NAME and untreated whole blood, and in channels where neither or both the whole 

blood and EC are treated. 

 An additional mechanism in which NO can be introduced is the production of NO from 

other enzymes. In one study it was shown that rats that were chronically exposed to L-NAME for 

7 days, had marked increase in iNOS gene expression measured by RT-PCR37.  Stressed blood 

cells express iNOS at two to three orders-of-magnitude higher rates than constitutive 

counterparts, nNOS and eNOS, at normal physiological conditions38,39. Future work would entail 

removing iNOS expression by an iNOS specific antibody, short interfering RNA, or by clustered 
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regularly interspaced short palindromic repeats (CRISPR) in order to better measure the effect of 

NO derived from eNOS versus iNOS.  

Though some interesting trends have been identified in the various experimental setups, 

some conditions have only been conducted with two donors. More donors will need to be 

considered at each condition to have any statistical power to make strong conclusions. 

6.6 Conclusion 

The role of NO derived from EC in inhibiting platelet aggregate growth was tested using 

a heat-based EC injury model. Results suggest that NO function is most important in EC that 

have been conditioned with shear stress and in pathologies in which activated platelets are being 

released at an upstream injury that could eventually contribute a downstream injury without 

proper EC NO release.  
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CHAPTER 7  

AN INQUIRY-BASED INVESTIGATION OF CONTROLLED RELEASE DRUG DELIVERY 
FROM HYDROGELS 

 
 

This chapter is modified from a paper published in 

Journal of Chemical Education1 

J. L. Sylman2 and K.B. Neeves3 

7.1 Abstract 

 This article presents a laboratory experiment on designing controlled release drug 

delivery systems.  The intended audience is high school chemistry and biology students.  The 

exercise is meant to complement curriculum on diffusion, enzyme reactions, and polymerization.  

In the experiment, students used a gelatin hydrogel as the drug delivery system and food dye as a 

drug.  Bromelain, a protease found in pineapples, is used to mimic the enzyme rich environment 

of the human body.  Bromelain cleaves the gelatin fibers, thus increasing the rate of release 

(Figure 7.1). The release of the food dye from the gelatin is measured by spectrophotometry.  

Students generate and test hypotheses regarding the effect of gelatin and enzyme concentrations 

on release.  Students are then asked to analyze the release data and determine if their conclusions 

match their hypotheses. The activity can be adapted as structured, guided and open inquiry-based 

instruction. 

                                                

1 Reprinted with permission of the Journal of Chemical Education, (2013), 90, 918-921 
2 Primary author and researcher 
3 Author for correspondence, advisor 
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7.2 Introduction 

 Controlled release drug delivery is a topic that is useful for engaging students in 

fundamental concepts of chemistry, namely molecular diffusion, enzymatic reactions and 

polymerization reactions.  Controlled release drug delivery refers to systems that release drugs 

into the body at a well-defined rate in response to a stimuli (e.g.. pH, temperature) or time1.  

Controlled release formulations have become common for over-the-counter drugs taken orally, 

such as antihistamines and anti-inflammatory drugs.  Controlled release systems are also used as 

implants to slowly deliver drugs directly to the tissue of interest, such as a tumor.  Often these 

controlled release systems are made of a porous polymer matrix in which drugs are embedded.  

The rate of drug release is dictated by either diffusion of the drug out of the matrix or by a 

combination of diffusion and degradation of the matrix2.    

Figure 7.1: Gelatin hydrogels are loaded with a drug, which can be released either 1) by 
diffusion through an intact gelatin matrix or 2) by diffusion through an enzyme-degraded gelatin 
matrix. 
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In this activity, a laboratory activity focused on the design of a controlled release drug 

delivery system is described.  The “drug” is food coloring, and the controlled release system is 

gelatin.  Gelatin has been used for controlled release of drugs for treating tumors3,4.  Students 

explore the effect of gelatin concentration and enzymatic degradation of the gelatin on the drug 

release profile. The activity was developed to appeal to different learning styles and to be 

integrated into curricula on diffusion, enzyme kinetics, and polymerization5.  For auditory 

learners, there is a background lecture and discussion of the major topics.  For visual learners, 

there is observation of the dye diffusing from the gelatin and graphing of the data.  For tactile 

learners, there is the making and handling of the gelatin drug delivery system.  

The activity is presented as a structured inquiry-based investigation in this article, where 

the instructor primarily directs the students in testing the parameters that affect drug release from 

gelatin6. First, students are invited to inquire about the mechanisms of drug delivery in a 

structured discussion.  Second, students perform a laboratory exercise with the help of the 

instructor. This activity has also been implemented as both guided and open inquiry. In guided 

inquiry, the instructor presents the question for investigation, and the students take a more central 

role in deciding how to proceed with the investigation. In open inquiry, students ask their own 

questions and develop their own experimental procedure.  The structured inquiry exercise takes a 

minimum two class periods, while the guided and open inquiry can be a project that lasts several 

weeks.  

7.3 Experimental Overview 

Students will generate hypotheses about the effects of the gelatin and bromelain 

concentration on drug release. Food dye, acting as the drug, will be incorporated into the gelatin 

drug delivery system. Gelatin cubes will be placed into a test tube with either tap water or 



 147 

enzyme solutions (1 mg/mL and 5 mg/mL) to mimic physiological-like conditions. The rate of 

drug release will be recorded by spectrophotometry over time, typically a few days. A minimum 

of two class periods (50 minutes) is required to complete the lab exercise. In the first laboratory 

session, the instructor will lead a discussion on drug delivery and controlled release. The students 

will then make hypotheses and prepare the gels and enzyme solutions. In the next session, the 

gelatin cubes will be placed in test tubes with and without enzyme solutions and the release of 

food dye to the surrounding solutions will be measured by spectrophotometry. Following the 

second class, measurements can be made less frequently to determine the full drug release profile. 

The students will then analyze their results and determine the drug release rate for each condition 

tested. A group of four students is optimal for completing all the required tasks.  

7.4 Experiment 

I describe all aspects of the experiment including the prelab discussion, synthesis of the 

drug delivery systems, enzyme solutions and instructions for obtaining drug profiles.  

7.4.1 Prelab Discussion 

Prior to starting the lab work, the major concepts critical to understanding the exercise 

should be stated. A brief presentation is included which provides the general structure for going 

over the material  (Supporting Information). First, the students are asked about the various routes 

of drug delivery.  Second, the concept of localized drug delivery is introduced where the 

objective is to deliver drugs directly to the afflicted tissue.  Third, new terms were defined, such 

as hydrogel, gelatin, bromelain, release rate and degradation reaction rate.  Background 

information and teaching tips are in the Student and Instructor Guides (see Supporting 

Information). Students made hypotheses related to how the gel concentration and enzyme 

concentration will affect the rate of drug release by diffusion.   



 148 

7.4.2 Gelatin drug delivery systems 

To make drug delivery systems, students calculated and weighed out the appropriate 

amount of gelatin (Knox Unflavored Gelatin) to make 5%, 10%, and 15% (wt/vol) gels.  The 

gelatin was dissolved in tap water heated to 90 °C in a graduated beaker.  Once the gelatin is 

completely dissolved, it may necessary to add more water to replace any loss of volume due to 

evaporation.  Next, 15 drops of food dye (McCormick Food Coloring) was added to the 

dissolved gelatin solution.  Red, blue, and green dyes give the most visually appealing results.  

The total volume of gelatin solution should yield a 5 mm high gel in the container.  For example, 

use 40 mL of solution for a 10 cm Petri dish (height = volume/area = 40 cm3/π*(5 cm)2 ~ 0.5 cm 

= 5 mm). Finally, the gelatin solutions were placed in a refrigerator overnight to form a solid gel.   

7.4.3 Enzyme Solutions 

To simulate enzymatic degradation of the matrix, bromelain was used, which is found in 

many meat tenderizer powders including McCormick Meat Tenderizer.  Bromelain is an enzyme 

found in pineapples that digests the gelatin polymers.  Bromelain is why you cannot make a Jell-

O salad with pineapples, at least not without heating the pineapple to 60 °C to denature the 

protein. Meat tenderizer solutions of 1 mg/mL and 5 mg/mL in water were used in this exercise.  

About 100 mL of each enzyme solution is sufficient.    

7.4.4 Drug Release Profiles 

The students can cut 5 mm x 5 mm x 5 mm cubes of gelatin with a razor blade, or 

alternatively, a coring tool (Harris Uni-Core, Prod #15081, Ted Pella, Inc.) to cut out cylinders 

with a diameter of 5 mm and a thickness of 5 mm.  The gelatin cube or cylinder was then placed 

in a test tube containing 5 mL of either a water or enzyme solution.  Each group of students 

should have 9 test tubes (Table 7.1); 3 gel concentrations (5%, 10%, and 15%) in each of the 3 
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solutions (water, 1 mg/mL bromelain, 5 mg/mL bromelain).  Next, the students took absorbance 

data using a spectrophotometer (Vernier LLC, SpectroVis Plus). The students used a plastic 

transfer pipette to mix the dye into solution by pipetting up and down. Using the same pipette, a 

couple milliliters were removed from the test tube and transferred to the cuvette for 

spectrophotometry measurements. The absorption maxima for McCormick food dyes are 500 nm 

for red, 610 nm for blue, and 625 nm for green.  After the measurement was performed, the 

students replaced the solution from the cuvette into the test tube. There will be a change in 

absorbance over the first 30-60 minutes, which should allow for a few measurements during a 

class period.  The majority of the release of the dye will be complete after 2 days.  The gelatin 

maintains its original structure for the duration of the measurements, unless it is immersed in the 

highly concentrated meat tenderizer solution, in which case it degrades.  

7.5 Hazards 

The raw materials for this exercise are all non-toxic.  Safety glasses should be worn at all 

times while in the laboratory.  Students are encouraged to wear lab coats because the food dye 

can stain clothing.  

Table 7.1: Summary of experimental conditions used to conduct the experiment 
Sample Gelatin 

(% wt/vol) 
Bromelain 
(mg/mL) 

1 5 0 
2 5 1 
3 5 5 
4 10 0 
5 10 1 
6 10 5 
7 15 0 
8 15 1 
9 15 5 
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7.6 Results and Discussion 

Students formulated hypotheses on how gel concentration and enzyme concentration 

would affect the rate of drug release by diffusion using nine experimental conditions (Table 7.1).  

The most common hypotheses were:  “The higher the gel concentration, the longer it will take 

for the drug to release” and “higher enzyme concentration will give faster drug release.” Other 

hypotheses included: “The higher gel concentration has more drug so the drug release will be 

faster” and “The enzyme will degrade the drug and slow drug release.” These latter two 

hypotheses resulted from misconceptions that the gelatin was the drug, rather than the drug 

delivery vehicle and that drug concentration was correlated to the gelatin concentration. Students 

tested their hypothesis by measuring drug release from gelatin by spectrophotometry.  The data 

collected during the experiment is absorbance as a function of time.  Students then analyzed 

these data in terms of either the absorbance or the percent food dye released (see Calculation 

Spreadsheet in Supporting Information).   

Visual observation shows that the release of the food dye varies with both gel 

concentration and bromelain concentration.  After only 30 min (Figure 7.2a), there is clearly 

more dye released from the 5% gelatin (test tube 1) than the 15% gelatin (test tube 7).  The 

differences between the 5% and 10% gelatin are modest and not discernable visually.  After 48 

hours, the percent release of the food dye as measured by absorbance was 57% for the 5% gelatin, 

53% for the 10% gelatin, and 38% for the 15% gelatin (Figure 7.3).  The interpretation of these 

results is that as the gel concentration increases, there will be more gelatin fibers per unit volume 

to impede the diffusion of the food dye. In other words, the path that the food dye has to travel 

becomes more tortuous with increasing gel concentration. 
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  A measurable amount of food dye is released within 30 min, so students can make 

measurements in the first class period.  Ideally, students or the instructor can make additional 

measurements over 2 weeks, which is the time for 100% release from the 15% gelatin.  However, 

the overall trend of slower release for higher concentration gels can be captured with 

measurements at 30 min, 24 hr, and 48 hr (Figure 7.3).   

The rate of drug release increases with increasing bromelain concentration.  The effect of 

the enzyme is greater for the higher gel concentrations.  For example, for a 5% gel, the difference 

in percent release after 48 hr is approximately 57% and 65% for no enzyme and 5 mg/mL, 

respectively (Figure 7.3).   

Figure 7.2: Release of green food dye from gelatin in bromelain solutions after 30 min (A) and 
24 hr (B).  The numbers on the test tubes refer to the samples in Table 7.1.   
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 For a 15% gel the difference in percent release after 48 hr was 38% and 67% for no 

enzyme and 5 mg/mL bromelain, respectively.  The bromelain conditions are meant to mimic the 

in vivo process of enzymatic degradation of a drug delivery system.  One area of confusion for 

students is the incorrect conclusion that a higher concentration of the enzyme was equivalent to 

increasing the degradation reaction rate of gelatin fibers.  The  

degradation reaction rate is independent of the enzyme concentration.  However the drug release 

rate is faster because higher enzyme concentration means that more gelatin fibers are 

simultaneously being cleaved, leading to a looser gel and faster diffusion. In piloting this  

Figure 7.3: Percent release of food dye as a function of gelatin and bromelain concentration.  
Graphs in the left hand column show release over the first 48 hours and graphs on the right show 
release over two weeks.   
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exercise, several sources of error have been noted that can lead to unexpected results.  One 

source of error is non-uniform sizes of the gelatin cubes or cylinders.  This non-uniformity can 

be the result of not leveling the gelatin solution in the refrigerator.  If the solution is placed at an 

angle, the thickness of the gelatin cubes will vary.  Another source of variability is if the gelatin 

is not completely dissolved, which results in clumps of gelatin aggregates.  Improper calibration 

of the spectrophotometer will lead to skewed results.  Make sure students are using the correct 

wavelength for their dye.  For the earliest measurements there is rapid release of the food dye 

from the gelatin.   It takes about 10-20 min to measure all the samples; therefore, the order in 

which the nine samples are measured will matter.  It is recommended that students record the 

time to the minute for all measurements due to the nature of the fast initial release.  

This learning exercise offers a simple and inexpensive method to teach students strategies 

for producing drug delivery systems that are meant to release drugs in a controlled manner.  This 

exercise also provides a qualitative demonstration of diffusion without the specialized equipment 

needed to measure diffusion coefficients7,8.  This exercise is concluded with a discussion of why 

controlled release of drugs could be advantageous for treating different types of disease.  For 

example, for chronic diseases like diabetes, it would be desirable to have a long-term release of 

insulin.  For more acute applications, like treating a headache, a fast burst of drug would be best.   

The Student and Instructor Guides are written for a structured inquiry activity. A 

significant amount of background information is provided to make this activity accessible to 

students at several different levels. To extend this activity to guided inquiry the instructor can 

edit the Student Guide to contain less background material and allow students to develop their 

own experimental procedure, rather than giving explicit instructions. This exercise has also been 

extended to open inquiry approaches where students generate their own parameters to test.  Such 
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parameters have included temperature (20 C versus 37 C), salt concentration (0, 50, 100, 150 

mM NaCl), and pH (4, 5, 6, 7, 8).  

7.7 Associated Content 

A guide for the instructor, a guide for the students; slides for discussion, and a Microsoft 

Excel spreadsheet for analyzing absorbance data.   
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CHAPTER 8  

CONCLUSIONS AND RECOMMENDATIONS 

 
In this thesis, I tested the hypotheses that mass transfer limitations of EC-derived NO 

regulates platelet aggregation in a shear rate and shear stress dependent manner. To test this 

hypothesis, I created a series of microfluidic vascular injury models in which NO and EC 

activation were spatially and temporally controlled in faithful manner based on what is known 

about acute, focal injuries in vivo.  

 In the first model, which was described in Chapter 3, I first synthetically incorporated  

nitric oxide release into a collagen-mediated vascular injury model. This approach was motivated 

by the need to decouple NO flux from shear stress, set wall fluxes of NO, and determine how a 

range of fluxes inhibits platelet aggregation. A computational model was used to predict the 

concentration of NO in the near-wall region where platelets are concentrated. We quantitatively 

demonstrated the mass transfer limitations on NO and shear rate dependent regulation of 

aggregate size and height. The first Damkohler number, comparing the NO elimination by 

reaction with oxygen versus its diffusion in the platelet rich layer, ranged from 10-8 to 10-6, 

indicating a reaction limited regime. The second Damkohler number, which compared the NO 

elimination by blood with its mass transfer, ranged from 11-330, indicative of a mass transfer 

limited regime. The resulting platelet aggregates were found to be a function of the NO flux and 

shear rate. The dynamic range of NO fluxes found to induce observable inhibition of platelet 

aggregation span from 0.33 × 10-10 mol cm-2 min-1 to 2.5 × 10-10 mol cm-2 min-1 at shear rates of 

200 to 500 s-1, which corresponded to NO concentrations ranging from 24-90 nM. These NO 

fluxes and concentrations are within range of those produced by cultured EC1. 
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 In Chapter 4, the NO releasing polymer model was used to address a debate on the NO 

signaling pathway in platelets. Some reports show that NO inhibits platelets solely through a 

soluble guanylyl cyclase (sGC) pathway2. Others suggest a sGC-independent pathways is present, 

at least in mice3. Given the flexibility to control NO fluxes using the system developed in 

Chapter 3, I found evidence for a sGC-independent pathway and defined the conditions where it 

was the most relevant. The relative importance of the sGC independent- and dependent-pathways 

was found to be a function of the shear rate, NO flux, and the presence of platelet agonists. The 

sGC-independent pathway was found to be prevalent at a NO flux 6.8 × 10-10 mol cm-2 min-1 at 

shear rates of 200-500 s-1, while the sGC-dependent pathway dominated at an NO flux of 0.4 × 

10-10 mol cm-2 min-1 at shear rates of 200-500 s-1. This is the first study to determine the 

biochemical signaling of NO as a function of the hemodynamic conditions.  

 In Chapter 5, an injury model incorporating human umbilical vein EC was established to 

measure the resulting platelet aggregates as a function of EC phenotype and shear rate. EC were 

cultured statically for two days in 100 × 1000 µm channels, and were placed on top of a 

microelectrode. Resistive heating in surface microelectrodes was used as a heat source to yield 

temperature increases in EC of 10-40 °C above 37 °C. Whole blood collected in FPR-

chloromethylketone (PPACK) was perfused over the injured EC at 150 and 1000 s-1. A 

computational model of heat transfer was used to define the temperatures that lead to zones of 

viable and unactivated, viable and activated, and dead EC. Platelets adhered and aggregated in 

between viable and activated EC in a GPIb and α6β1 dependent manner. Interestingly, in contrast 

to our typical vascular injury models, collagen played only a minor role in adhesion. The size 

and distribution of the platelet aggregates were not found to vary significantly as a function of 
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shear rate. By creating this heat-based injury, there is now an in vitro method to assess platelet 

and EC interactions as a function of the EC activation and hemodynamic conditions. 

 In Chapter 6, I measured the importance of EC culture conditions (static versus shear) 

and the role of EC-derived NO on platelet aggregation in the model described in Chapter 5. A 

small molecule inhibitor known as L-NG-Nitroarginine methyl ester (L-NAME) was used to 

block nitric oxide synthase activity in EC through competitive. The model described in Chapter 5 

was conducted in the presence and absence of the L-NAME inhibitor at two different shear rates 

with EC that had been cultured statically. No effect of the NO was found when blood was 

perfused at 150 s-1 but at 1000 s-1, there was a 1.3 and 1.9-fold increase in platelet aggregates in 

the L-NAME condition versus the control. Next, I hypothesized that NO released by EC 

regulates platelet accumulation at sequential downstream injuries. Several small sequential 

injuries is relevant in coagulapathies such as sepsis or intravascular disseminated coagulation, in 

which microvascular thrombi are observed throughout vascular beds4,5. I tested this hypothesis 

by stimulating EC with two electrodes space 1 mm apart and measured the difference in platelet 

accumulation in the presence and absence of L-NAME. The downstream location showed a 2.5 

and 3.2-fold increase in platelet accumulation in the presence of L-NAME compared the control 

condition in two donors. Another hypothesis I tested is that EC exposed to shear stress prior to 

the experiment would secrete higher fluxes of NO, and thus inhibition of eNOS would produce a 

larger effect. EC that were cultured under 9 dyn cm-2 for 48 h prior to the blood perfusion had 

5.1 and 11-fold larger clots in the presence of the L-NAME condition compared to the control in 

two donors. These data suggest that the inhibitory role of NO is most important in EC cultured in 

a high shear stress environment and in a dual injury configuration. 
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 Chapter 7 describes a high school outreach activity, which used inquiry-based teaching 

methods to explore diffusion-related concepts. The students modeled a drug delivery system with 

a gelatin matrix and tracked the release of a food dye acting as the drug from the matrix. The 

drug release profiles were measured as a function of the gelatin concentration and a gelatin 

cleaving enzyme (Bromelain) concentration. Students were introduced to concepts such as 

enzymatic reactions and diffusion. 

8.1 Recommendations for future work 

 The in vitro and computational models developed in this thesis can be extended to future 

studies on the role of endothelial cells on regulating clot formation. These studies include 

determining the importance of other EC derived platelet inhibitors like prostacyclin and the 

activated protein C anticoagulant pathway. EC could also be focally activated by chemical 

activation to mimic other vascular pathologies such as chronic inflammatory diseases. There is 

also the possibility to use this model to decipher the mechanisms of the in vivo laser injury 

model. Lastly, injury models could be performed with EC derived from various vascular beds 

which have been shown to have variable thrombogenicity 6.  

8.1.1 The relative role of antithrombotic endothelial cell functions towards clot regulation 

 The thesis was specifically focused on nitric oxide function, but studies could be 

expanded to incorporate other antithrombotic functions of the endothelial cells. In addition to 

nitric oxide, endothelial cells release prostaglandins and express CD397. Prostaglandins are 

considered important platelet inhibitors, but it is unknown to what extent they contribute to 

platelet inhibition at the site of an injury8. Inhibitors of prostaglandins could help determine their 

role in modulating platelet function under a range of shear rates. EC also express high levels of 

CD39, which metabolizes the major platelet feedback agonist ADP9. A CD39 blocking antibody 
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could be used to determine the role of EC in controlling the levels of ADP in the dual injury 

model, where ADP is released from an upstream clot and carried downstream to contribute to a 

second injury.  

8.1.2 Determine the shear rate dependent effect of TM mediated anticoagulation. 

This thesis considered platelet activation and aggregation in the absence of coagulation 

mechanisms. EC are also known to express tissue factor when activated, the key initiator of the 

coagulation cascade10. EC are also known to inhibit coagulation through thrombomodulin (TM). 

Thrombomodulin is an integral membrane glycoprotein that binds thrombin and catalyzes the 

conversion of protein C to activated protein C (APC). APC inactivates coagulation factors Va 

and VIIa which are responsible for thrombin generation 11,12. A working hypothesis is that TM 

scavenges thrombin downstream of tissue factor (TF) induced injuries at venous shear rates, but 

does not influence primary thrombus size. The approach would be to measure the spatial 

distribution of fibrin and coagulation products over a range of wall shear rates as a function of 

TM surface concentration. Interestingly, TM in known to be down-regulated in activated EC and 

its function is highly dependent on the shear stress13, making our injury model ideal for data 

collection.  

8.1.3 The role of EC-derived tissue plasminogen activator 

Tissue plasminogen activator (tPA) is a protein involved in the breakdown of clots – it 

catalyzes the conversion of plasminogen to plasmin, the major enzyme that degrades fibrin in 

blood clots. tPA is stored in the Weibel-Palade bodies of EC and upon activation of an EC or in 

the absence of NO, the Weibel-Palade bodies undergo exocytosis and tPA is released 14. Weibel-

Palade bodies also simultaneously release P-selectin and VWF, adhesion molecules to promote 

clot growth7. The relative role of EC-mediated antithrombotic, prothrombotic, and fibrinolytic 
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pathways are likely a function of hemodynamics and EC phenotype. Determining which of these 

pathways are up or down regulated in and near an injury is unknown and could be an interesting 

area of study. 

8.1.4 Focal EC injury model by chemical activation 

In vivo, there are a variety of events that can lead to various types of EC activation and 

phenotypes. The model described in Chapter 5 used heat to activate EC. With this mechanism, an 

injury was created in which the cell layer was disrupted and tight junctions were lost between the 

cells. In some pathologies, such as chronic inflammatory diseases, EC are activated without 

recessing or detaching. Chemical treatments could be applied focally to mimic these vascular 

pathologies. For example, tumor necrosis factor (TNFα) could be used to mimic an inflammatory 

state that is likely during sepsis15. Previous work has also shown that EC can be chemically 

induced to be activated by calcium ionophore or strausophine exposure16,17. To conduct focal 

chemical activation, a design construct such as the membrane bound between two perpendicular 

channels18 could be implemented such that a discrete section of EC would be accessed by the 

chemical activator at a cross section. The flow rate of the channel containing the activating 

substance could be modified to obtain a desirable steady flux.  

8.1.5 Study Mechanism of Laser Injury Model 

  One of the most popular in vivo injuries is the laser injury model. A laser injury is a 

minimally invasive method in which a laser beam is focused on the vasculature of a mouse19. 

The degree of the injury caused by a laser injury model depends on the intensity, exposure time, 

and location of the injury19,20. The mechanism behind the clot initiation remains to be unclear. 

Vogel et al hypothesize that tissue damage resulting from a laser is complex and could be a 

combination of thermal, mechanical and chemical damage21. It is also unknown whether the laser 
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only affects the EC and underlying tissue without affecting platelets. It has been shown in our 

work (Chapter 5) and by others that heat can lead to increased and decreased adhesion platelet 

adhesion22 and result in protein denaturation and cell death23. With the current heat injury 

endothelial cell model, a very high voltage could be applied for nanoseconds to better replicate 

the laser injury model. By conducting some simple controls with no EC and just on ECM 

proteins surfaces, it would be possible to decouple whether the injury model in vivo is by an 

interaction between the heat and platelets or if it is solely activating the EC.  

8.1.6 EC injuries in different vascular beds 

EC in the heart, lung and kidney, display significant heterogeneity in their phenotypes24-26. 

Arteries and veins contain continuous nonfenestrated EC, as opposed to kidney and liver EC 

which exhibit fenestration and discontinuity, respectively. EC phentoypes vary between veins 

and arteries. EC junctions are tighter and EC are aligned and elongated in arteries compared to 

veins in which the cells are shorter and wider. Additionally, EC from veins and arteries express 

unique cell markers26. EC variability is present even among microvessels in the heart. 

Endocardium EC from the heart are continuous and express more VWF and eNOS compared 

with myocardium microvessels27. Overall, EC derived from different organs express unique 

structure and functional properties. The ECM laid down by the EC also has different 

composition depending on the EC vascular bed6. Zwaginga et al. demonstrated that ECM derived 

from arterial and microvascular EC were significantly more prothrombotic than the ECM derived 

from human umbilical vein EC6. Comparison of EC derived from different phenotypes in the 

heat injury model would make it possible to determine how phenotypes are altered in healthy and 

activated states and their interactions with platelets under flow.    
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APPENDIX A 

CHAPTER 3 SUPPLEMENTAL MATERIAL 
A.1 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1: Schematic of the microfluidic device used to evaluate platelet function in the 
presence of nitric oxide. (A) A side profile is shown. Below the channel rests the base film, the 
source of the NO, which releases the gas upon exposure to water. The NO travels through the 
top film, which helps control the flux of the NO. Within the lumen of the channel, the NO can 
interact with platelets and is also eliminated via reactions with hemoglobin found within the 
RBCs and oxygen. A collagen injury is found on the vessel wall, an active site for platelet 
adhesion.  (B) The top view is illustrated. Microfluidic devices are bonded to the polymer-
coated glass substrates that contain 5 mm x 5 mm type I fibrillar collagen patches.  Platelet 
aggregate formation is monitored over the collagen spot after  5 min. perfusion of thrombin-
inhibited whole blood 
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A.2 Preparation of NO releasing films  

Glass slides (75 mm x 25 mm) were cleaned in a solution of 1:1 methanol/hydrochloric 

acid (37N) for 1 h, and then washed with deionized water and dried with an air brush. Slides 

were coated with two polymeric films; an NO releasing film and a top coat (Figure A.1a). The 

top coat was synthesized by mixing 705 mg of DOS and 362 mg PVC dissolved in 20 mL of 

THF.  The NO-releasing layer was synthesized to produce a 0.8 wt% NO donor, by dissolving 

720 mg of DOS, 1440 mg of PVC, and 0.8 wt% DBHD/ N2O2 in a 1:1 molar ratio with 

KTpC1PB (29.80 mg of KTpC1PB, and 17.90 mg of DBHD/N2O2) in 20 mL of THF. Required 

 

Figure A.2: Schematic of the channel and boundary conditions used to determine the 
concentration of NO in the channel. Blue denotes concentration boundary conditions while red 
describes the boundary conditions required to solve the fluid dynamics portion. The governing 
PDE, the conservation of mass applied to NO, includes the convection in the x direction, and the 
diffusion is included in the x and y direction. The reaction term depends on the whether the 
model is being solved for in domain 1 or 2. Within domain 1, the NO is involved with two 
reactions - one with hemoglobin and the other with oxygen. Domain 2 only involves a single 
reaction with the plasma due to the platelet rich layer (PRL) found close to the wall ranging 
from 2.8-3.1 μm. 
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amounts of DBHD/N2O2 and KTpC1PB were mixed into the PVC-DOS-THF polymer solution 

in a similar manner to yield 0.02, 0.08, 0.2, 2, and 4 wt% NO donor loadings. 

To form the two layer film, 5 mL of the NO releasing solution was first poured over a 

clean glass slide contained within a 33 mm x 83 mm incubation chamber. The initial coat was 

covered and allowed to cure for 4 hours. Next, 4 mL of the top coat polymer solution was poured 

onto the initial coat and left to cure for 10-12 h. Control slides were fabricated using the same 

polymers; however, the NO donor and KTpC1PB was excluded from the active layer.  To avoid 

any NO loss prior to the experiment, the coated slides were stored at ambient temperature 

overnight in a desiccated chamber.  

A.3 Characterization of NO releasing polymer films  

NO release from drop coated circular glass coverslips (12 mm), produced under the exact 

conditions as the slides described above, was measured using a Sievers chemiluminescence NO 

Analyzer ® NOA, model 280 (GE, Boulder, CO) as previously described1. Briefly, a coated 

coverslip was placed in PBS buffer contained in a custom-made sample cell. Using a controlled 

nitrogen sweep gas and bubbler within the chamber, NO was continuously swept from the 

headspace of the production vial, to the chemiluminescence detection chamber. The chamber 

pressure was 5.4 torr with an ozone pressure of 6.5 psi to maintain a sampling rate of 200 

mL/min. The film thickness was obtained with a P10 profilometer (Tencor, Milpitas, CA).  

A.4 Formulation of NO transport model 

A model of NO transport from the wall at a constant flux into flowing whole blood was 

developed to aid in the interpretation of experimental results and make predictions of NO 

transport across injuries where endothelial cells are absent.  A schematic of the model system is 

shown in Figure A.2. The NO flux is assumed to be steady-state during the assay. This is a valid 
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assumption because prior to introducing the whole blood, the channels are rinsed with HBS for 1 

hr. Experimental flux measurements show that a steady-state flux is reached in 15 min (Fig. 1). 

The steady-state species conservation equation for NO is: 

v ⋅

∇CNO = D


∇2CNO − RNO  ( A.1) 

 

where CNO denotes NO concentration, D is the diffusion coefficient of NO in water which is 

3.3x10-9 m2/s 2.The velocity (𝑣) was defined as:  

v =1.5U 1− 4y
2

h2
"

#
$

%

&
'   ( A.2) 

 

where U is the average velocity between two semi-infinite parallel plates. RNO is the rate at which 

the NO is consumed by domain-dependent pseudo second-order reactions (Figure A.2). In the 

RBC free region (domain 2) near the wall, which varies from δ = 3.1 µm to 2.8 µm over shear 

rate range of 200-1000 s-1 3, NO reacts with oxygen by a second order reaction: 

RNO = kO2CNO
2  ( A.3) 

 

Deeper into the lumen of the vessel (domain 1), NO reacts with both oxygen and blood: 

 

RNO = kO2CNO
2 + kBCNO  ( A.4) 

 

The second order rate constant for the reaction with oxygen was kO2=7.56 m3/(mol s) 4. 

The first order constant for the reaction with blood has a wide range of reported values and we 
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therefore considered two values for kB at the lower (100 s-1) and higher (6500 s-1) end of these 

values5.  

There is no NO flux at the top of the channel (y = h/2), the entrance (x = 0) of the chamber is set 

to have a concentration of zero, and the outlet (x = L) has an open boundary condition, which 

assumes that the convection is dominant and the diffusive transport is ignored: 

∂CNO

∂y y=h/2

= 0  ( A.5) 

 

CNO x=0
= 0  ( A.6) 

 

−n ⋅D∇CNO x=L
= 0  ( A.7) 

 

The bottom of the channel (y = -h/2) has a constant flux boundary condition: 

−D ∂CNO

∂y y=−h/2

= JNO  ( A.8) 

 

The independent and dependent variables are non-dimensionalized: 

x*= x
LC

 ( A.9) 

 

y*= y
LC

 ( A.10) 
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v*=
v
U

 ( A.11) 

 

C*= CNOD
JNOLc

 ( A.12) 

 

Where LC is the characteristic length. When deriving dimensionless numbers to describe the PRL, 

LC is equal to the height of the PRL (δ). Otherwise, LC is equal to h/2.  

Substituting Eqs. (7)-(12) into Eq. (1) gives 

Pev * ∂C *
∂x*

=
∂2C *
∂x*2

+
∂2C *
∂y*2

−DaC *2  ( A.13) 

 

where Pe is the Peclet number defined as  

Pe = Uh
2D

 ( A.14) 

 

and DaII is the first Damkohler number defined as 

DaII =
kBh
2kg

 ( A.15) 

 

Where kg is defined as the global mass transfer coefficient and is:  

kg =
JNO y=−h/2

CNO,wall −CNO,bulk

  ( A.16) 

 

Where CNO,wall and CNO,bulk are the average wall and bulk concentrations of NO over the injury 

zone, which were determined in the simulations. The Peclet number characterizes the rate of 
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convection to the rate of diffusion. The second Damkohler describes the rate of reaction to the 

rate of mass transfer from the wall into the bulk . 

A.5 Finite Element Method Simulations 

A commercial finite element method software (COMSOL) was used to model the NO 

concentration profile in a microfluidic device via Stationary Solver 1. In the simulations, the 

velocity profile of the flowing blood (Eq. 2) was coupled to the dimensional solute conservation 

equation for NO (Eq. 1). Blood was treated as a Newtonian fluid because we were operating over 

a range of shear rates (200 – 1000 s-1) where the viscosity of blood remains relatively constant6. 

All experimental conditions (Table 3.1) were simulated.  Fluxes ranging from 0.07×10-10 mol 

cm-2 min-1 to 12×10-10 mol cm-2 min-1 were modeled, covering the reported values recorded from 

cultured endothelial cells of 0.5 - 4×10-10 mol cm-2 min-1 1. Shear rates of 200, 500 and 1000 s-1 

correspond to cell-free layers of 3.1, 3.0 and 2.8 µm 3 near the wall (Domain 1, Fig. 2), limiting 

the hemoglobin reaction to the remainder of the vessel (Domain 2, Fig. 2). The channel has a 

length of 11 mm and a height of 50 µm, which are the exact dimensions of the channel used in 

the experiments (Fig. 2).  

We also used this model to simulate how the loss of endothelial cells at the site of an 

injury affects the NO transport surrounding the injury. An injury size of 100 µm was considered, 

all starting 5 mm downstream of the inlet. All simulation conditions were identical to those 

described above, except within the injury zone the bottom (y = -h/2) boundary condition was set 

to a zero flux. Concentration profiles for each injury size were assessed at low and high NO 

fluxes (JNO,low = 0.07×10-10 mol cm-2 min-1, JNO,high = 12×10-10  mol cm-2 min-1) and low and high 

wall shear rates (γlow = 200 s-1, γhigh 
= 1000 s-1).  
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A fine rectangular grid in the PRL combined with coarser triangular mesh was used to 

discretize the computational domain.  The fine mesh near the bottom of the channel was 

necessary due to the rapid concentration change near the momentum and concentration boundary 

layers. The model contained 44,360 total elements. Mesh independence, as was determined by 

achieving concentrations within a 5% difference, was found between 10,346-83,629 elements.  

 The computational model was compared to an analytical solution of the one dimension 

diffusion-reaction problem:  

DNO
∂2CNO

∂y2
= 0 ,    for –h/2 < y ≤ (6-h)/2 ( A.17) 

 

DNO
∂2CNO

∂y2
− kBCNO = 0 ,   for (6-h)/2 < y ≤ h ( A.18) 

with the boundary conditions 

−DNO
∂CNO

∂y y=−h/2

= JNO
 
, for –h/2 < y ≤ (6-h)/2 ( A.19) 

 

 

CNO y=h/2
= 0

  
,   for (6-h)/2 < y ≤ h ( A.20) 

 

and the continuous concentration and flux boundary conditions 

CNO y=(6−h)/2+
=CNO y=(6−h)/2−

 ( A.21) 
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−DNO
∂CNO

∂y y=(6−h)/2+
= −DNO

∂CNO

∂y y=(6−h)/2−
 ( A.22) 

 To compare the analytical solution to the computational method, approximate depths 

required to achieve 95% of the wall concentration, were calculated at four different points in the 

y-direction of 1, 5, 10 and 25 µm for shear rates of 200, 500, and 1000 s-1.  
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APPENDIX B 

CHAPTER 4 SUPPLEMENTAL MATERIAL 

B.1 Supplemental Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

Figure B.1: Schematic of the microfluidic vascular injury model used to evaluate platelet 
function in the presence of nitric oxide and the micropatterning of type I fibrillar collagen. The 
NO film, composed of the NO donor, polyvinyl chloride and bis(2-ethylhexyl) sebacate, resides 
below the microfluidic channel (500 µm x 11 mm). Upon exposure to water, NO dissociates 
from the NO donor carrier by a hydrolysis reaction, and is free to diffuse into the channel. A 
polymer top coat helps ensure that only NO enters the channel. A collagen injury, an adhesive 
site for platelets, is patterned atop the polymer coating, perpendicular to the blood flow, by static 
incubation (1 h) within a mircofluidic channel (250 µm x 5.5 cm). Scale bar = 50 µm. 
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Figure B.2: Platelet aggregate volumes derived from whole blood collected in (a) sodium citrate,  
(b) PPACK and heparin sulfate, (c) sodium citrate and 2-MeSAMP, and (d) sodium citrate and 
SERCA inhibitor BHQ. Note that (d) has a different y-axis than (a)-(c). Each aggregate volume 
is plotted for all donors at NO wall fluxes of 0.4×10-10 mol cm-2 min-1 and 6.8×10-10 mol cm-2 
min-1  at 200, 500 and 1000 s-1. (number of donors = 2-6, number of aggregates = 8-1182). 
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Figure B.3: Whole blood was perfused in the presence and absence of ODQ over a polymer 
coating containing no NO donor to measure the effect of ODQ on platelet function. (a) 
Representative images show platelet aggregates formed with and without ODQ. Platelets are 
labeled with an anti-CD41 antibody. Scale bar = 25 µm. (b) The ZV50 of control aggregates 
formed in the presence and absence of ODQ show no significant difference at each shear rate. 
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 Figure B.4: Blood flow assays were conducted at 200 s-1 at a high concentration of ODQ (2 
mM) to confirm that it could effectively compete with NO for sGC heme sites, even at a high 
NO flux. A significant difference was obtained between the control condition and a flux of 6.8 × 
10-10 mol cm-2 min-1 in the presence of ODQ, suggesting that the abolished ODQ effect at a high 
NO flux is not a result of the excess NO (n = 3). 
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APPENDIX C 

CHAPTER 5 SUPPLEMENTAL MATERIAL 
C.1 Supplemental Figures 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1: (A) Thermal evaporation of Cr/Au (10 nm/100 nm) was patterned into electrodes of 
width 1450 µm by wet etching. (B) Microfluidic channels were fabricated be oxygen plasma 
bonding the device to a spin-coated film of PDMS. HUVEC were seeded and grown to 
confluence in the microfluidic channels. (C) The endothelialized microfluidic channels were 
placed on top of the electrodes and 5-9 V were applied across the microelectrode for 30 s. All 
experiments were conducted in a heated stage kept at 37 °C and 5 % CO2. 
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Figure C.2: Confluent endothelial cell monolayers in PDMS channels. HUVEC stained with 
DAPI (blue), FITC Phalloidin (green) at (A) 2.4x (scale bar = 1 mm). EC in the microfluidic 
channels were stained for (B) VE-Cadherin, (C) DAPI, and  (D) phalloidin. (E) The overlay of 
all the stains together is shown. (scale bar =50 µm). 
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Figure C.3: A 2D diagram (z versus x direction) of the dimensions and geometry of the 
materials included in the COMSOL simulation for (A) a 40 µm PDMS thick film atop the 
microelectrode (Model 1) and (B) the entire assembled device (Model 2).  Conduction occurs in 
the all of the material and convection occurs in the flowing blood. 
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Figure C.4: HUVECs expose phosphatidylserine (PS) (annexin V) after being heated at 7 V. (A) 
Fraction of Annexin positive EC are shown relative to the position of the injury. Representative 
images show increased fluorescence of Annexin V in a (B) channel image (scale bar = 0.5 mm) 
and (C) zoomed in image (scale bar = 50 µm). 
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 Figure C.5: Overlay examples of DAPI and FITC filters for the (A) simultaneous heat injury 
and whole blood perfusion and (B) whole blood perfusion following injury. Scale bar = 50 µm. 
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Figure C.6: Heat penetration into the channel. Change in temperature at x = 0 at the bottom of 
the channel (y = 0 µm, black) and at the top of the channel (y = 100 µm, blue) according to 
Model 2.   
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Figure C.7: Platelet aggregate volumes (green) and representative images after simultaneous 
heat injury and whole blood perfusion on fibronectin and EC at (A) 6, (B) 7, and (C) 8 V. Note 
that the y-axis scale in (C) is five times as large as the y-axis in (A) and (B). (D) Platelet 
accumulation is shown in a channel coated with BSA that was heated while whole blood was 
being perfused. Scale bar = 500 µm 
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 Figure C.8: Normalized platelet area fraction over time 1.0 mm downstream of the electrode 
center at 7 V. Transient platelet aggregation remains steady for the last 6 min of the assay 
demonstrating that platelet aggregates do not grow beyond the recessed areas between the cells. 

 

Figure C.9: Platelet volumes and representative images of platelet accumulation at 1000 s-1 
following heating by 7 V for 30 sec. Red numbers indicate locations directly over the gold 
electrode. The electrode ranges from -725 to +725 µm. Scale bar = 50 µm. 
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 Figure C.10: Platelet accumulation on purified protein surfaces. (A) Platelet volumes are 
quantified over proteins patches composed of fibronectin, laminin and a 1:1 mixture of 
fibronectin and laminin. Representative images show platelet accumulation on (B) fibronectin, 
(C) laminin and a (D) mixture of laminin and fibronectin. Scale bar = 50 µm. 
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 Figure C.11: Platelet accumulation on purified protein surfaces that have been heated for 30 s at 
7 V. Representative images show platelet accumulation on fibronectin and fibronectin/laminin 
surfaces. Channel image (Scale bar = 0.5 mm).  Zoomed in image (Scale bar = 50 µm). 
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APPENDIX D 

CHAPTER 7 SUPPLEMENTAL MATERIAL 

D.1 Overview - Instructor’s Guide 

The objective of this laboratory exercise is to introduce students to the concepts of 

diffusion, polymers and polymerization reactions, and enzyme mediated reactions using a model 

controlled release drug delivery system.  Here, gelatin is used as a drug delivery vehicle and food 

dye as a model drug.  Physiological conditions are simulated by placing a cube of gelatin into a 

test tube with enzymatic conditions.  The release of the food dye is monitored by 

spectrophotometry over time, typically a few days.   

D.2 Audience 

High school chemistry and biology students are the target audience for this exercise.  

Students in grades 10-12 and remedial through advanced (AP) levels have participated in the 

piloting of the curriculum.   

D.3 Materials 

The only specialized piece of equipment is a spectrophotometer for determining the 

concentration of the model drug in the test tubes. It is optimal for each group to have their own 

spectrophotometer to capture the quick drug release at the start of the experiment. One 

spectrophotometer shared between a few groups should also be sufficient. Otherwise, all supplies 

can be found at a grocery store.  Even in the absence of a spectrophotometer, the qualitative 

differences in the release of the food dye from the different gelatin formulations are detectable 

by the human eye.  
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D.4 Time required 

A minimum of two class periods (50 minutes) is needed to complete the structured 

inquiry version of the activity.  Following the second lab period, it is recommended that students 

take data for up to a week to determine the release profile of the food dye from the gelatin.  The 

time required to take each data point is 5-10 minutes, so it is possible to collect data at the 

beginning or end of the period with minimal interruption to other classroom activities planned 

for that day.  During the piloting of the curriculum, it was useful to add an additional background 

lesson preceding the laboratory exercise.  The background lesson allowed for introduction of 

new concepts and terminology, as well as for discussing the relevance of drug delivery to the 

students’ lives.  To adapt this activity towards a guided- or open-inquiry project, students were 

asked to develop and test hypotheses on other variables that may affect the release kinetics (see 

Section 8 below).  Temperature, pH, and drug size are student ideas that have been used as an 

extension of the core lesson.  These additional variables can be included in the original lesson or 

as a separate exercise.   

D.5 Background 

Controlled release drug delivery is a new way to treat illnesses. Over the last 20 years, it 

has become more popular as a way to treat diseases such as cancer and diabetes. It generally 

involves implanting an engineered polymer directly into the organ or system that is affected by a 

disease. Since the polymer is implanted directly into the tissues, the side effects are often small 

compared to systemic drug delivery (i.e., taking a pill or getting a shot). Brain diseases are 

particularly good candidates for controlled release techniques because of a physiological feature 

known as the blood-brain barrier. The blood-brain barrier refers to a tight sheath of cells that 

surround the blood vessels in the brain. These cells make sure that only specific types of 
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molecules get into the brain. More specifically, only small (molecular weight less than 1000 Da), 

water insoluble molecules can get into the brain. Consequently, the types of drugs that are 

developed for brain disease must fit this criterion, which is unfortunate because many promising 

drugs are water soluble or large. The use of controlled release techniques has led to tremendous 

breakthroughs in treating brain diseases.  

There are two ways that a drug can be released from a polymer implant: 1) Diffusion 

through the implant and into the surrounding tissue, or 2) degradation of the implant by enzymes, 

water, or acidic/basic conditions coupled with diffusion (Figure 1). Some systems are designed 

not to degrade, and release is controlled only by diffusion. However, these systems may require 

an extra surgery to remove the implant. Biodegradable systems only require one initial surgery 

and are ultimately digested by the body. 

In this activity, controlled release drug delivery is simulated using gelatin hydrogels. 

Hydrogels are a special type of mesh-like polymer that have the ability to absorb large amounts 

of water. In addition, hydrogels mimic many of the chemical and physical properties of tissue, 

making them more biocompatible than other types of polymers. 

Here, the gels will be loaded with a known concentration of a food dye, which acts as the 

drug molecule. Following gelation, cubes or cylinders of the gel will be placed into three 

different aqueous solutions. The first solution is plain water, which simulates a non-degradable 

polymer matrix. Here, release is due to diffusion through the implant only. The other two 

solutions will contain a low (1 mg/ml) and high concentration (5 mg/ml) of meat tenderizer, 

which degrade the gelatin. In these second two cases release will be due to both diffusion and 

degradation. Spectrophotometry will be used to quantify the release of the dye molecules from 

the gels. 



 191 

D.6 Assessment Strategy 

The Student Guide includes two types of follow-up questions: 1) Comprehension 

questions regarding the concepts of diffusion and enzymatic degradation. 2) Analysis questions 

that require deeper scientific insight as well as providing a starting point for guided- and open-

inquiry. An extension of this activity is to have students design their own experiment to consider 

the effects of other variables, such as temperature, pH, and salt concentration. 

D.7 Teaching Tips and Potential Problems 

A good way to start this lesson is to make the problem at hand relevant to students’ lives. 

Start out by asking students to write down all of the drugs they have ever used and how they took 

them (i.e., oral, intravenous, etc.). Write the list (which generally contains 20-50 drugs) on the 

board to illustrate how ubiquitous drugs are in our everyday life. Then ask students to come up 

with the drawbacks of systemic drug delivery and to propose better methods. The ensuing 

discussion sets the stage for why scientists and engineers are developing more advanced drug 

delivery systems. Follow-up this discussion by defining any new terminology or concepts 

contained in the lesson.  A set of slides was supplied in Appendix D of this article to help 

facilitate these discussions. 

There are a few steps in the experimental procedure that may cause problems. The most 

common problem is the addition of the gelatin to the hot water. This step needs to be done 

slowly; otherwise, the gelatin tends to aggregate into clumps that are difficult to dissolve. The 

best way to perform this step is on a hot plate with a stirrer. However, the same results can be 

achieved with a stir rod if the students are patient.  It may help to prepare all the required gelatin 

solutions simultaneously, leaving ample time for dissolution. To perform measurements, the 

students should invert the samples to mix in the dye and then pour them into cuvettes.  
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Oftentimes, the students will spill some solution while performing these steps. To minimize this 

problem, a transfer pipette can be used to mix the samples and transfer the solutions into cuvettes 

for absorbance readings. Another issue involves the use of the spectrophotometer. Often, 

students do not go through the entire calibration procedure, or they forget to change the 

wavelength, which leads to erroneous absorbance readings. Supervision and placing written 

instructions next to the spectrophotometer can prevent this problem.  Because drug release is 

rapid initially, the order in which the nine samples are measured will matter. Students can 

account for these differences by recording the time as each measurement is performed.  

D.8 Tips for Guided and Open Inquiry Investigations 

In guided inquiry, students generate their own hypotheses and develop an experimental 

plan to test them with the guidance of the instructor. This activity can be adapted to guided 

inquiry by giving students the first four pages of the Student Guide and having them develop 

their own procedure. Another strategy is to give them a skeleton procedure and have them fill in 

the blanks. In open inquiry, the entire process is student direct with only minimal oversight from 

the instructor. This activity can be implemented as open inquiry only after students have done an 

initial structured or guided inquiry investigation into the effects of gel concentration and 

enzymes. For example, in one high school the Science Club investigated the role of temperature 

on drug release rate. Other variables students have considered is salt concentration and pH.  

D.9 Overview – Student’s Guide 

The aim of this project is to design a drug delivery system capable of delivering a drug 

over an extended period of time at a known rate. The method of using implantable materials to 

treat tissues locally is known as controlled release. You will use gelatin as a controlled release 

material and food dyes as a model drug. The gel concentration will be varied to show the effect 
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of increased cross-linking on the rate drug release. The drug release of each gel concentration 

will be considered for three conditions–no enzyme, low enzyme concentration (1 mg/ml), and 

high enzyme concentration (5 mg/ml). An enzyme is a catalyst for reactions involving biological 

molecules. Finally, you will use your data to design an optimal drug delivery strategy for treating 

a brain tumor. 

D.10 Background 

Controlled release drug delivery is a new way to treat illnesses.  Controlled release refers 

to the ability of a drug delivery system to release a drug over an extended period of time at a 

controlled rate.  Over the last 20 years, it has become more popular as a way to treat diseases 

such as cancer and diabetes.  It generally involves implanting an engineered polymer directly 

into the organ or system that is affected by a disease.  Since the polymer is implanted directly 

into the tissues, the side effects are often small compared to systemic drug delivery (i.e., taking a 

pill or getting a shot).  Brain diseases are particularly good candidates for controlled release 

techniques because of a physiological feature known as the blood-brain barrier.  The blood-brain 

barrier refers to a tight sheath of cells that surround the blood vessels in your brain. These cells 

make sure that only specific types of molecules get into the brain. More specifically, only small 

(molecular weight less than 1000 Da), water insoluble molecules can get into the brain.  

Consequently, the types of drugs that are developed for brain disease must fit this criterion, 

which is unfortunate because many promising drugs are water soluble or large.  The use of 

controlled release techniques has led to tremendous breakthroughs in treating people with brain 

diseases. 

A polymer is molecule made of many repeating units called monomers. Polymers can 

take on lots of shapes such as rods, loose spaghetti like molecules, and helical coils.  In this 
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activity you will be using a special type of polymer called a hydrogel. A hydrogel consists of 

linear molecules connected to each other by bonds called cross-links. Hydrogels are a special 

type of mesh like polymer that has the ability to absorb large amounts of water.  In fact, most 

hydrogels are over 90% water by weight.  The most well known hydrogel is gelatin, or more 

commonly known as Jell-O. Gelatin is a processed version of collagen, which accounts for one-

third of the protein in your body. 

Proteins are another type of polymers. Proteins consist of monomers called amino acids. 

There are 22 amino acids and they make up the hundreds of millions of proteins in biological 

systems. Enzymes are a special type of proteins that act as a catalyst for many biochemical 

reactions. One type of enzyme, called a protease, breaks down other proteins. They work by 

cutting the bonds between amino acids in proteins. In this activity you will use an enzyme called 

bromelain that is found in pineapples and is known to degrade gelatin. Bromelain is the reason 

you cannot put pineapples in your Jell-O fruit salad. 

There are two ways that a drug can be released from a polymer implant: 1) Diffusion 

through the implant and into the surrounding tissue.  Diffusion is the process of molecules 

moving from an area of high concentration (in the gel) to low concentration (to the body), or 2) 

degradation of the implant by enzymes, water, or acidic/basic conditions coupled with diffusion 

(Figure 1).  Some systems are designed not to degrade, and release is controlled only by 

diffusion.  However, these systems may require an extra surgery to remove the implant.  

Biodegradable systems only require one initial surgery and are ultimately digested by the body. 

In this activity you will be simulating controlled release drug delivery using gelatin 

hydrogels. The gels will be loaded with a known concentration of a food dye that acts as the drug 

molecule.  Following gelation, three cylinders of the gel will be cut and placed into three 
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different aqueous solutions.  The first solution is plain water, which simulates a non-degradable 

polymer matrix. Here, release is due to diffusion through the implant only.  The other two 

solutions will contain a low (1 mg/ml) and high concentration (5 mg/ml) of meat tenderizer that 

contains the enzyme bromelain.  In these second two cases release will be due to both diffusion 

and degradation. 

To quantify the release of the dye molecules from the gels you will use 

spectrophotometry. Spectrophotometry is a method of characterizing solution concentration by 

measuring the amount of light that is transmitted through a sample. In a clear sample, like a test 

tube of water, all of the light will be transmitted. In a darker sample, like water with dye in it, 

some of the light will be absorbed. The amount of light absorbed is proportional to the 

concentration of the dye. 

D.11 Formulating a Hypothesis 

Before you start any scientific investigation it is important to formulate a hypothesis. 

There are several types of hypotheses.  One of the most common is to predict what you think will 

happen. In your own words describe the purpose of this activity. How do you think the 

concentration of gelatin will affect the rate at drug release? How do you think the concentration 

of the enzyme will affect the rate of drug release? 

D.12 List of Materials 

Below is a list of materials you will need for this activity. Make sure you have everything 

you need before starting the lab. 

• Two packets of gelatin (≈15 g)  
• 100 mL food dye solution  
• Meat tenderizer (≈1 g)  
• Graduated cylinders (10 mL and 100 mL)  
• Small beaker (50-200 mL) 
• Stir rod or stir bar  
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• Hot plate  
• Four-inch petri dish with top  
• Uni-core tool or razor blade or X-Acto™ knife 
• Parafilm  
• Ten 10 mL test tubes 
• Cuvettes for spectrophotometry 

D.13 Experimental Procedure 

The procedure for this activity will take place over two class periods.  The first period 

will involve making gels of varying concentration with different molecules, in our case food 

dyes, and making the appropriate enzyme solutions. In the second period the gels will be placed 

in the enzyme solutions and release will be measured by spectrophotometry. For best results you 

are going to take data at 30 min, 24 hours, and 48 hours. 

D.14 Solution Calculations 

To achieve a 5 mm thick gel in a 4 inch (100 mm) petri dish, you will need 40 mL of the 

gelatin solution.  You will need to adjust the volume of the gelatin solution if you are using a 

different sized container.  The first step will be to calculate how much gelatin you need.  For 

example for a 5 wt% solution: 30 mL x 0.05 g/mL = 1.5 g 

Calculate the amount of gelatin you will need for the 10 wt% and 15 wt% solutions below: 

The second solution is the meat tenderizer, which will act as an enzyme to degrade the gelatin.  

Next, you will calculate the amount of meat tenderizer you will need 1 mg/mL and 5 mg/mL 

solutions for a total volume of 100 mL.  For the 1 mg/mL solution: 

1 mg/mL water x 1 g/1000 mg x 100 mL water = 0.1 g meat tenderizer 

Calculate how meat tenderizer will you need for the 5 mg/mL solution: 

D.15 Making the gelatin hydrogels 

1. Measure 40 mL (or the appropriate volume you calculated in Section 5.1) of tap water in a 

graduated cylinder. 
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2. Pour the water into a beaker.  Repeat steps 1 and 2 for two additional beakers. 

3. Place the three beaker on a hot plate and heat the water to 90 C. 

4. Weigh out the appropriate amount of gelatin as calculated in section 5.1 for the 5%, 10%, 

and 15% solutions. 

5. Place stir bars in the beakers and begin stirring if you have a hotplate with a stirrer.  

Otherwise, begin to stir by hand. 

6. Slowly add the gelatin to the hot water.  It is very important that you add just a little gelatin 

to the water at a time and completely dissolve the powder before adding more.  Otherwise 

you will get clumps of gelatin that are difficult to get into solution.  It may take 10-15 min to 

fully dissolve all of the gelatin. 

7. Once all of the gelatin is dissolved, add 15 drop of food dye (red, green or blue) to the 

solution. 

8. Pour the hot gelatin solutions into the petri dish and cover.  Label your petri dish so that you 

can identify it next period. 

9. Place the petri dish in the refrigerator and allow to gel overnight. 

D.16 Making enzyme solutions 

1. Weight out the amount of meat tenderizer you calculated in Section 5.1. 

2. Pour 100 mL of water into a beaker or cup. 

3. Add the meat tenderizer to the water and stir until it dissolves. 

4. Cover the beaker/cup with Parafilm or aluminum foil and label it with your name or the name 

of your group.   

5. Put the enzyme solution aside until the next class period. 
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D.17 Controlled release experiment 

1. Label nine test tubes 1 through 9. 

2. In 3 test tubes add 5 mL of water. 

3. In 3 test tubes add 5 mL of the 1 mg/mL enzyme solution. 

4. In 3 test tubes add 5 mL of the 5 mg/mL enzyme solution. 

5. Cut 5 mm x 5 mm cubes (using a razor blade/knife) or cylinders with a 5 mm diameter (using 

a coring tool) out of your gels. 

6. For each gelatin concentration place 1 cube/cylinder into each of the three solutions (water, 1 

mg/mL enzyme, 5 mg/mL enzyme). 

7. Record the time you placed the gelatin into the solution.   

8. Fill out the table on the next page so that you can keep track of your solutions. 

Test tube Gelatin concentration (wt %) Solution Time gelatin added 
to the solution 

Example 5% 1 mg/mL  1:15 PM 

1    

2    

3    

4    

5    

6    

7    

8    

9    

Table D.1: Test tube contents 
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D.18 Measuring drug release by spectrophotometry 

Before performing measurements, make sure that the spectrophotometer is calibrated. 

The absorbance should read zero for a water sample.  Use the table below to set the wavelength 

on the spectrophotometer for the color of food dye you used. 

D.19 Data analysis 

Using the Excel spreadsheet provided by your teacher, enter the data from Table D.1.  

Normalize the data by dividing each data point by the absorbance found at your latest data point.  

For example, if you measured the release over one week, then take the absorbance for your last 

data point and divide all other absorbance data at earlier times by that number.  Graph the 

percent release versus time and describe any trends that you can see. 

 

 

  

 

 

1. Did you observe any times of more rapid release of the food dye? If so, when? What 

might explain this? 

2. How does the release profile change with gelatin concentration? 

3. How does the release profile change with bromelain (enzyme) concentration? 

4. The food dye used in this activity is a relatively small molecule.  How do you think the 

release profile would look if the drug was a larger molecule? 

Dye Wavelength (nm) 

Yellow 430 

Red 500 

Blue 610 

Green 625 

Table D.2: Absorption maxima for McCormick food dyes 
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5. The experiment was performed at room temperature?  How do you the release profile 

would change at body temperature?  Why? 

6. What other variables do you think could influence the release 

D.20Results and Conclusion 

 

 Test Tube 

Time 
(hrs) 1 2 3 4 5 6 7 8 9 

          

          

          

          

          

          

          

Table D.3: Absorbance data for each test tube 
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