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Abstract:  

Cardiovascular disease is an ever expanding global issue. Many 

pathological conditions have been recently linked to elevated local shear rates 

(>3,000 s-1). Such vulnerable regions have also been found in mechanical support 

devices such as ventricular assist devices (VADs). Patients in these devices have 

major life threatening issues regularly, including high infection rates and internal 

bleeding. Extensive studies with other cell types have found a link between shear 

rate and exposure time on platelet function, as well as on cleavage of blood-based 

adhesion molecules. However, very little work has focused on leukocytes. The few 

studies related to elevated shear on leukocytes demonstrate cause for concern 

with functional damage after exposures of less than 10 minutes to pathological 

shear. Neutrophils, as the most abundant leukocyte in the bloodstream, have been 

the most extensively examined. Studies at physiological shear rates show cell-

based changes in actin content and receptor levels. It is also known that shear rate 

modulates several neutrophil behaviors related to rolling and migration. Despite 

this, very limited work has been done on the effect of sub second exposures to 

pathological shears. The work in this thesis aims to address that knowledge gap, 

by examining the effects of short exposures (<500 msec) to high shear.  

In this thesis we present a microfluidic-based study of short exposures to 

high shear on neutrophil state and function. A microfluidic constricted device was 

designed and velocity profiles were characterized using a microparticle image 

velocimetry (µPIV) setup. This setup tracks the positions of small fluorescent 

particles (1 µm) moving with the fluid, and allows us to characterize the fluid 
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velocity in the channels. Wall shear rates and exposure times were subsequently 

estimated from these velocity profiles. The majority of the channels used 

throughout the study have velocity profiles that align well with the expected 

theoretical values. We also implement a simple glass embeddation technique to 

reduce channel deformation in the wider channel designs.  

We then apply these microfluidic devices to study neutrophil state and 

function following short exposures to high shear (> 4,000 s-1). Examining neutrophil 

adhesion and rolling using a P-selectin based assay, we observed increased 

rolling velocities following transient (< 500 msec) shear exposure. This interaction 

mimics the initial dynamics of the adhesion cascade, the process by which 

neutrophils and other leukocytes migrate to sites of infection and inflammation. 

The magnitude of the rolling velocity increase was dependent upon the high shear 

exposure time, while increasing the shear rate magnitude lowered the critical 

exposure time required to observe an increase in downstream rolling velocity. We 

did not detect any evidence that the increase in rolling velocity results from 

shedding of the neutrophil ligand responsible for the rolling interaction, PSGL-1. 

The increased rolling velocities suggest an alteration in neutrophil rolling behavior, 

which could have an impact on the quantity of migrating neutrophils reaching sites 

of infection, and thus a decreased ability to fight infection at the source.  

Expanding the study to higher shear rates (80,000 – 100,000 s-1), we 

examined the effect of short exposures (< 73 msec) on both neutrophil state and 

function. Neutrophils adopt an activated state in response to stimuli, a process 

which can be defined by (but not limited to) successive changes in surface 
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receptors, released proteins from granules, and intracellular calcium levels. These 

processes correlated with active neutrophil phenotypes typically occur in a step-

wise fashion, although the exact response depends on the applied stimulus. 

Neutrophil state was evaluated by examining a variety of surface receptor and 

intracellular granule proteins, which provide us with an idea of the current 

neutrophil phenotype. We observed a significant increase in the activated form of 

the surface receptor CD11b, an integrin integral to the adhesion cascade and other 

downstream functions, and a typical (early) neutrophil activation marker, with 

exposure times greater than 58 msec. No increases were observed in total CD11b 

levels, only an increase in the activated conformation. Using flow cytometry, we 

did not detect any indication of degranulation of any granule subtype. However, 

we did discover increased levels of the primary granule peroxidase 

myeloperoxidase (MPO) in both isolated cells and whole blood. In an attempt to 

examine the cause of the MPO increase, we supplemented the flow cytometry data 

with confocal imaging. Qualitative analysis suggested a potential aggregation and 

mobilization of primary granules towards the cell membrane. Examining the cell 

cytoskeleton, we observed an increase in f-actin content for the 67 msec exposure 

channel at 90,000 s-1. Finally, we observed decreased functionality as measured 

with a phagocytosis assay. We saw a significant decrease in all sheared samples 

compared to the unsheared control, with further decreases corresponding with 

increased exposure times. The results described throughout this thesis suggest an 

alteration to neutrophil state, as well as neutrophil dysfunction, after short 

exposures to high shear. The neutrophil state appears to consist of a primed 
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phenotype, which means that we see partial sign of activation. We suspect the 

cumulative effect of these shear based changes to reduce the neutrophil’s ability 

to migrate to, and protect against, infections.  
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Chapter 1: Background and Significance: 

Congestive Heart Failure and Cardiovascular Disease:  

Cardiovascular disease is the leading cause of death in the United States. 

There are a variety of conditions that range in severity from small stenosis and 

arteriosclerosis to total heart failure. Frequently, the individuals suffering from 

cardiovascular issues have to be placed on mechanical support. While these 

devices have proven invaluable in improving the quality of life for patients, they 

introduce a new suite of complications, such as high infection rates113,279. 

Although many of the infections are believed to be related to device implantation 

and driveline related events, recent studies have demonstrated a lasting effect 

on leukocyte activation state and infections not related to the device itself. In 

addition, for devices such as VADs, sepsis remains one of the leading causes of 

death112,279,291.  

The existence of lasting effects suggests a vulnerability introduced by 

something in the devices or conditions. A similarity shared amongst the naturally 

occurring disorders and these devices is the abnormal shear rates. In the case 

of cardiovascular devices, such issues could arise from a variety of artificial 

sources, including the blood contacting materials and the shear rates introduced. 

The latter tend to be higher on average (>3,000 s-1) or the devices contain very 

high “hot spots” (>10,000 s-1) that introduce shear rates well above that 

encountered in the physiological circulation. These hot spots tend to be small 

spaces within the devices, such as around the rotors of the pumps, that a small 



2 
 

percentage of the cells encounter on any given pass through the device. Initial 

concerns related to elevated shear rates focused on the potential for physical cell 

damage, especially for erythrocytes, and platelets to some extent. Devices are 

then designed to avoid this range of shear conditions. However, physical cell 

damage requires extremely high shear rates or prolonged exposure 

time12,18,186,229. More recently, the focus has shifted towards functional changes, 

such as in platelet state, with indications that the shear rate and exposure time 

thresholds required are much lower than for physical damage. Much of the work 

related to functional damage has revolved around platelets, as well as the blood 

based proteins involved in thrombosis cascades. Work in this area has uncovered 

damage to high molecular weight von Willebrand Factor (vWF), leading to 

decreased binding of platelets under arterial flow conditions, and thus decreased 

clotting efficiency60,309,314. In addition, functional changes have been observed in 

platelets, such as shedding of binding receptors, up-regulation of activation 

markers, and platelet-monocyte aggregation57,76,273,334. However, very little work 

has investigated an effect on white blood cells, despite the evidence for a 

recurring vulnerability to infection. This thesis aims to present one of the first 

examinations into the effect of high shear rates on neutrophil state and function.  

Shear Rate in the Circulation:  

 Shear rate is defined as the change in velocity over distance (dv/dz), with 

the distance normal to the channel or vessel wall, and is expressed in units of 

1/sec (s-1). Velocity profiles in rectangular channels and cylindrical vessels are 

generally parabolic in shape, with zero velocity at the wall (no-slip boundary 
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condition) and the maximum in the center of the channel/vessel. Subsequently, 

the shear rate will have the highest values at the wall and will approach zero 

shear rate at the centerline. The typical defining characteristic used for blood cells 

and conditions in vessels (both physiological and pathological) is the wall shear 

rate (the shear rate at the boundary of the bottom wall). Cells adhered to the 

bottom surface will experience a force and torque as a result of the shear stress; 

shear stress is the product of the shear rate with the viscosity. For blood cells, 

the shear rate and shear stress are usually inseparable, as the viscosity in 

medium to large vessels (>100 s-1) remains relatively constant (~3.5 cP for 45% 

hematocrit)238. In this thesis we examine the effect of shear rate exposures.  

As was just discussed, a new era of artificial blood contacting devices to 

combat heart failure has brought great success, but at a cost. Current theories to 

explain many of the lasting complications revolve around shear based effects, as 

this is the major difference that exists in these devices, as well as certain 

pathophysiological conditions. However, to understand the differences in the 

shear rates introduced, we must first examine the normal regime that neutrophils 

and other leukocytes are exposed to. Typical shear rate values are shown in 

Figure 1.1.  
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Figure 1.1: Shear Rate Schematic. Representation in (A) shows a neutrophil 
flowing near the bottom surface. The arrows represent the velocity of the fluid 
(v) with position moving vertically away from the wall in the z-direction. Typical 
shear rate values in the circulation shown in (B), from Papaioannou and 
Stefanadis238. 
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Most leukocytes reside within the circulation until their recruitment to sites 

of inflammation and infection. As such, they routinely experience a range of 

physiological shear rates found within the venous and arterial system. These 

values typically lie within 40-600s-1 on the venous side and up to approximately 

2,000s-1 in the arterioles159,238. Certain processes such as leukocyte migration 

are controlled in part by the local shear rate. The initial capture and rolling steps 

of leukocyte migration are modulated by the shear rate found in the venous 

vessels, which governs the bonding kinetics dominated by the selectin family of 

adhesion molecules8,17,95,171. Studies have also shown that shear can modulate 

leukocyte behavior such as cell stiffness62,63 or receptor levels276,339; these effects 

will be discussed later in the introduction.  

Pathological Shear Rates:  

Pathological shear rates occur in a variety of natural conditions, from 

points of thrombus that cause disruptions and stenosis, to bifurcations that cause 

buildups and recirculation zones. Areas of stenosis cause high shear rates 

(>3,000 s-1), while bifurcations also result in regions of stagnated and negative 

oscillatory flow77. Atherosclerotic lesions have been found to be prone to 

formation in such low shear stress areas49. There has been some work on the 

effects of abnormal shear profiles on blood flow, with a primary emphasis 

focusing on platelets and thrombus formation. Both low and high shear regions 

have been shown to be of interest in causing activation and thrombus growth, as 

well as disturbances in the flow profiles124,191,201,338. Very little work has focused 

on leukocytes, and even less on the effect of the higher shear regions. There are 
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a few different shear regimes to consider, and several conditions that can lead to 

these elevated shear rates. The two most prominent are stenosis and 

arteriosclerosis: a partial blockage and a hardening of the arteries respectively, 

both of which cause a constriction in the vessel and a subsequent increase in the 

fluid flow and thus the wall shear rate. Both of these conditions can cause 

pathophysiological shear rates of notable concern, with distinct flow profiles. The 

low and oscillatory shear regions, while they can occur concomitantly with the 

higher shear regions at locations such as the carotid bifurcation, are outside the 

scope of this work and will not be examined in further detail. We instead focus on 

the high shear aspect.  

Stenosis:  

Stenosis is one of the most frequent, physiological sources for pathological 

shear. Stenosis has a range of shear rates as the flow profile is dependent on the 

thrombus size, location in the body, size of the vessel, degree of occlusion, and 

more25,26,34,258,259,295. However, in most of these cases the shear rate in medium 

to severe stenosis are several orders of magnitude higher (>10,000 s-1) than the 

typical shear rates (<2,000 s-1). The elevated wall shear is important for a number 

of factors. The first is the effect of short exposure to high shear on the blood cells 

passing through these high shear regions (the focus for the type of work in this 

thesis). However, high wall shear stress is also a factor in causing the expansion 

of vessels, and plaque in the high stress areas has been linked to acute coronary 

syndromes259,312. In addition, it is hypothesized that this high wall shear stress 

region is a culprit in causing plaque rupture, which is most common in this region 
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and can lead to obvious health consequences (such as stroke)49,77. A few groups 

have examined wall shear rates using computational studies. For example, 

Schirmer et al. found maximum velocities at the throat of the stenosis to be 

around 40,000 s-1 264. Another study by Li et al., examined different degrees of 

stenosis and found wall shear rates to be around 30,000 – 60,000 s-1 for occlusion 

rates of 50-70% 181. In their model they used a stenosis length of 11.6 mm, the 

same length as one of the shear channels (Con. D) in this thesis (see Fig 2.2). 

Con. D is the critical length/exposure time found to cause increases in the rolling 

velocity in chapter 3. Shear rates can increase dramatically with occlusion to 

values another order of magnitude higher than the ones reported in these studies. 

For example, Bark et al. estimated shear rates greater than 250,000 s-1 for severe 

stenosis over 75% occlusion, and up to over 400,000 s-1 for almost complete 

occlusion. The length of the stenosis also plays a role, and they found that longer 

stenoses have a lower shear rate, around 100,000 s-1, when increased from 4 to 

16 mm25.  An in vivo animal study examining coronary stenosis observed values 

of ~10,000 – 90,000 s-1 for a 60% stenosis295. High shear rates for other 

pathologies, such as at sites of intracranial aneurysms, for example, ranged from 

3,000 – 10,000 s-1 77.  

The work in this thesis also examines the exposure time to high shear, 

which is controlled by the length of the stenosis. While typical values are less 

defined in the literature, values between ~1-20 mm are observed135,327. A few 

clinical studies have examined the relationship between stenosis length and 

fractional flow reserve (FFR), as well as an indicator of pathological conditions. 
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FFR is a diagnostic test to assess the significance (the extent) of a coronary 

artery stenosis, and essentially examines the pressure drop61. One study showed 

that a length of 16 mm was found to correlate with a measureable drop in FFR135. 

A value of 15 mm was also shown in other studies to define the presence of 

coronary artery disease, as well as to predict the occurrence of restenosis after 

balloon angioplasty146,299.  

Ventricular assist devices (VADs):  

For those with congestive heart failure (CHF), mechanical devices provide 

a temporary support while waiting to receive a heart transplant. Unfortunately, 

there are only 2500 heart donors available each year, which cannot provide a 

practical solution for the 5 million affected individuals254,289. VADs have emerged 

as a viable option for the treatment of cardiac disease and CHF, created initially 

as a bridge to transplant, but with the focus shifting to the application of these 

devices into an end stage therapy of its own256. While VADs have saved many 

lives since their introduction, their narrow, high flow zones and artificial materials 

have introduced new complications such as increased infection rates, mucosal 

and intestinal bleeding, thrombosis, hemolysis, stroke, and several other 

symptoms2,150,289. Individuals generally have to remain on medication such as 

blood thinners for the lifetime of the device224. High infection rates have been 

reported to be encountered in 30-50% of patients, with sepsis being the leading 

cause of mortality of VAD patients at 30% 279. The increased incidence rate of 

infection within VAD patients seems to point towards an unnatural disruption of 

the body's defenses following exposure to the pump’s artificial materials and 
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design. One of the main components of VADs that is altered from a normal heart 

is the short exposure to very high shear rates as cells pass through the rotors of 

the pump. It is known that very high shear rate conditions can cause platelet and 

erythrocyte dysfunction and lysis33,98,188,283,293. The high shear rates encountered 

can be as high as 100,000s-1 98,288.  

However, it is important to note that there are a variety of VAD pump 

designs, and therefore a range of shear rates. Most of the strategies have been 

implemented to try and avoid hemolysis and aggregation issues (from platelets 

or vWF), and haven’t focused on conditions that could cause more subtle cell 

changes, especially in regards to leukocytes13,33,97,98,126. Due to the substantial 

variety of conditions between devices, as well as the difficulties in accurately 

measuring shear rates in such devices, most of the current knowledge into shear 

rates, and especially exposure times, has come from theoretical models. Typical 

shear rates are high (10,000-100,000 s-1) for very short exposure times (10 msec 

or less)13,67,269,293. If the exposure time is an important parameter in determining 

cell damage (not necessarily physical damage), then the most extreme shear 

case is not the only condition that needs to be studied. It is therefore important to 

keep in mind that there is a range of shear rates that persist within any typical 

VAD, and that cells have a certain probability of going through each region. For 

any given pass through the device, only a small percentage of cells will actually 

experience the maximal shear rates. It has been shown that an average cell may 

more typically encounter a shear rate (~3,000 s-1) that, although high for 
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physiological conditions (<2,000 s-1), is typically considered relatively small for 

VADs (>10,000 s-1)98,101.  

Some studies have attempted to investigate the effects of VADs on 

leukocytes, focusing on cell counts, and to a limited extent, biochemical 

alterations. For example, six hour in vitro testing of an implantable rotary pump 

(VentrAssist) and a centrifugal pump (RotaFlow) revealed necrosis, 

morphological changes via CD45 expression, damage to 20-40% of cells, and a 

decrease in total cell counts (25 hours). Maximum shear rates were estimated to 

be 81,000 s-1 and 3,400 s-1, respectively51. This group, as well as another paper, 

also reported leukocytes physically fragmented into microparticles (in vivo)75,260. 

Another study using implanted VADs (HeartMate II and Thoratec) in human 

patients reported temporal changes of leukocyte numbers, with increases at 

about 14 days postop followed by an eventual decrease below preoperative 

numbers. Patients on these devices also experienced a corresponding increase 

in MAC-1 levels, indicating activation that may relate to an increased risk of 

infection326. Flow cytometry based studies to evaluate cell state and microparticle 

formation via various receptors, have become a common and powerful method 

to examine and compare both in vitro and in vivo settings248.  

Other blood contacting devices:  

VADs are an important CHF support device, and one of the more 

extensively characterized in terms of shear rate responses, due to the high rate 

of complications observed and known high shear rates, among other reasons. 

However, there are many other blood contacting devices, and while 
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complications can result from a variety of sources (such as the material used, 

etc.), elevated shear rates are again present. This includes, but is certainly not 

limited to, hemodialysis machines, heart valves, and stents. Many of these 

devices share similar shear rate regimes to those studied here. For example, 

heart valves can have similar shear rates to VADs, from 10,000-100,000 s-1, and 

even upwards of 500,000 s-1 23,108,281.  

The Adhesion Cascade:  

Neutrophils, along with other leukocytes such as lymphocytes and 

monocytes, reside within the bloodstream and thus encounter the high shear 

environment present within stenoses or VADs many times before cell migration 

through the endothelium lining the blood vessel into sites of infection. This is the 

first component of what is referred to as the adhesion cascade, which consists 

of multiple stages including rolling, activation, and firm adhesion177. The first 

step, leukocyte capture and rolling, is essential for the adhesion cascade, and 

without proper adhesion and rolling, migration cannot occur. 
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Figure 1.2: Adhesion Cascade. The first steps, capture and rolling, are the 
relevant selectin mediated events. Selectin signaling contributes to cell 
activation and arrest. Reprinted by permission from Springer Nature; Ley, K., C. 
Laudanna, M.I. Cybulsky, and S. Nourshargh. Getting to the site of 
inflammation: The leukocyte adhesion cascade updated. Nat. Rev. Immunol. 
pp. 678–689, 2007. 

 

Leukocyte rolling is governed by two important binding interactions, 

selectins and integrins. The selectins are involved in the initial capture and rolling, 

as well as during slow rolling, while integrins mediate slow rolling and arrest 

through intracellular signaling pathways177. The primary interaction for capture 

and rolling is between PSGL-1 on the leukocyte surface and P-selectin on the 

endothelial cells220. Dysfunction of PSGL-1 based leukocyte rolling from high 

shear exposure can increase the rolling velocity and potentially decrease the 

contact time between cells and the inflamed endothelium176. Decreased rolling 

time does not allow for proper interaction of cells with the vessel wall (and arrest 

signals such as integrin ligands and chemokines) and can severely impair 

leukocyte migration, and therefore the ability to fight infection.  
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Figure 1.3: Forces during leukocyte rolling. Rolling neutrophils and other 
leukocytes are first captured from free-flow in the bloodstream by the interaction 
of PSGL-1 on the microvilli of the leukocyte surface with a selectin, most 
commonly P-selectin, on the vessel wall. The flowing blood exerts a resultant 
force (Fs) and a torque on the leukocyte, causing it to rotate. As the leukocyte 
rotates, new bonds are formed at the leading edge, while bonds at the back end 
are stretched and released. Tethers and stretched microvilli can apply a force (Ft) 
through the ligand bond. There is also a contact force (FN). These forces can slow 
and even arrest leukocyte movement until the bond is released or new contacts 
form downstream.  

 

Selectins:  

The first adhesion and rolling steps are controlled almost exclusively by 

the selectin family of ligands. The primary rolling function of the selectins allows 

leukocytes to survey the vascular endothelium. Interacting with other ligands on 

the endothelial surface as they roll along provides the necessary signals for 

activation, arrest, and migration. This occurs primarily from the integrin ligands 

and chemokines presented on the endothelial cells, although the selectins 

themselves play a part in altering the cell state. The selectins consist of three 

molecules which interact rapidly and reversibly with a variety of glycosylated 
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ligands. Some of the selectin ligands, such as PSGL-1, can interact with all three 

selectins, while others appear to be much more specific. The three types, P-, L-, 

and E-selectin all have a similar structure, with a calcium dependent N-terminal 

carbohydrate-recognition domain, an EGF domain, a transmembrane domain, 

and a small cytoplasmic tail (Fig. 1.4)205. P- and E-selectin are expressed on 

activated endothelial cells while L-selectin is constitutively expressed on almost 

all leukocytes205,290,336.  

Each of the selectins can partake in the initial capture of cells, and 

although there is some redundancy, they appear to have specialized functions. 

L-selectin provides a secondary capture mechanism resulting from cells binding 

to already rolling cells, or possibly fragments left behind by previously rolling 

cells85,163,290. Its dysfunction has been shown to cause a significant decrease in 

cell migration160,290,302,318. E-selectin can also assist in the capture and rolling of 

leukocytes, but its primary role appears to be in the transition to slow rolling, and 

assisting integrins in slow rolling and arrest130,284,336 . P-selectin is potentially the 

most important selectin involved in leukocyte rolling in inflamed venules and 

provides the primary mode for capturing leukocytes from the flowing blood to the 

endothelial surface55,177,220. It then contributes to cell rolling as they survey for 

inflammatory signals. Knockouts of P-selectin in mice have shown up to a 50% 

decrease in rolling cells204. The location of P-selectin in Weibal-Palade bodies in 

endothelial cells (while E-selectin is synthesized de novo) leads to its expression 

and importance during the acute phase of inflammation156. Due to the 

significance of the PSGL-1 / P-selectin interaction, experiments in this thesis 
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focused on this interaction. It is also important to note that PSGL-1 interaction 

with P- and E-selectin can induce the intermediate, extended state of integrins in 

myeloid cell types167,175,292. It has even been demonstrated that P-selectin from 

activated platelets can attenuate the NETosis response86. NETosis is a process 

in which neutrophils release condensed chromatin, termed neutrophil 

extracellular traps316. These NETs contain histones and antimicrobial 

components such as myeloperoxidase (MPO) and elastase, and have been 

recently demonstrated to be an important neutrophil mechanism of killing 

microbes11,32,210,240. 
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Figure 1.4: Schematic of the structure of the three main selectins on leukocytes 
and their corresponding ligands. Republished with permission of Annual 
Reviews, Inc., from McEver, R.P., and C. Zhu. Rolling Cell Adhesion. Annu. 
Rev. Cell Dev. Biol. Annual Reviews, 26:363–396, 2010; permission conveyed 
through Copyright Clearance Center, Inc. 



17 
 

Integrins:  

Integrins represent the dominating ligand pair in the second phase of the 

adhesion cascade, generally referred to as slow rolling and arrest190. These 

integrins play distinct yet overlapping rolls in the adhesion cascade, with the 

CD18 heterodimers as some of the most influential. LFA-1 (CD11a/CD18) is the 

dominating ligand in controlling the slow rolling kinetics and firm adhesion and 

works in tandem with the selectins to control leukocyte rolling at sites of 

inflammation81,128,189,272,319,320. MAC-1 (CD11b/CD18) plays a cooperative role in 

slow rolling, but primarily controls the firm adhesion and intravascular crawling, 

which allows for emigration through the vessel wall81,127,177,245. This arrest and 

adhesion serves as one of their primary purposes, and is evident from the 

differences in binding kinetics of these interactions as compared to those of the 

selectins. The selectins have high association and disassociation rates required 

for the initial tethering and rolling interactions, whereas those of the integrins are 

lower208. Upon activation, the dissociation rates decrease significantly for Mac-1 

and LFA-1. LFA-1 also has a higher binding rate than Mac-1, which is only 

involved for adhesion following slowing and arrest mediated by LFA-1182,332. The 

transition to slow rolling is essential in providing leukocytes with ample time to 

properly survey the endothelium for inflammatory signals (e.g., chemokines), as 

well as arresting the cells should these signals be detected. In chapter 3, we will 

examine changes in selectin based rolling following shear exposures. We would 

suspect that these shear based changes are likely not only limited to affecting 

selectin based rolling, but alterations in integrins following shear could also 
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severely hinder emigration. We will examine integrin states in chapter 4, but we 

did not explicitly examine the connection to the adhesion cascade.  

While integrins play an essential role in neutrophil migration, integrins such 

as Mac-1 are also heavily involved in cell-cell interactions and even downstream 

functions such as phagocytosis. Mac-1 has also been linked to cytoskeletal 

changes, such as through cdc42, a Rho GTPase that partially controls cell 

polarity300. Integrins also play an important role in a variety of internal signaling 

processes, including activation based changes within the cell134. They have even 

been linked to interaction with other cell types such as dendritic cells and T-

cells218.  

Integrin binding, or “outside-in” signals are responsible for a variety of 

downstream functions including degranulation and activation of the NADPH 

oxidase complex1. Integrins can increase their binding affinity in two ways upon 

activating signals, through a conformational shift and receptor clustering, the 

former of which appears to be the primary way in which binding affinity is 

modulated44. Binding of other ligand/receptor pairs on the neutrophil surface can 

cause these “inside-out” signaling events that lead to this change in the 

conformation to an extended, intermediate state190. Mac-1 receptor avidity can 

also be increased following degranulation by other chemical activators30. This 

intermediate extended state typically corresponds with slowed rolling of the 

cells81,175,272. There is also an additional high affinity extended state for the 

integrin that is important for cell arrest; the intermediate and high affinity states 

increase binding affinity by about 500 and 10,000 fold, respectively274. This 
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results from an opening of the headpiece, exposing the I domain binding site (Fig. 

1.5)73. In addition, certain ligands can only be bound following the transition to 

this high affinity state. Antibodies have been discovered that can detect these 

different stages, and some of these are used in chapter 4 to examine the state of 

the leukocytes following short exposure to very high shear rates74. The high 

affinity state usually coincides with and requires further signaling from 

chemokines or other stimulators (such as n-formylmethionine-leucyl-

phenylalanine [fMLP] or platelet activating factor [PAF]), binding to GPCRs on 

the neutrophil surface. 

 

Figure 1.5: Schematic of integrin affinity states. On the left is the low affinity, 
bent conformation. The intermediate state is extended with closed headpiece 
and low affinity binding domain, while the high affinity conformation is extended 
with the available high affinity binding domain exposed175.  

 

The activated, higher affinity forms of the integrins are often used as a 

measurable sign for the neutrophil state326. See “Neutrophil Activation” for more 

detail. This is an important feature of integrins that is utilized within this thesis. 
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The conformational changes are some of the first activation events to occur, while 

total Mac-1 levels are later increased following neutrophil degranulation.  

Integrins are important in the context of this work for a second reason. And 

that is their potential role in neutrophil shear sensing through a 

mechanosensor(s)5. Studies suggest that the neutrophil shear response appears 

more specific than a global response, and indicates the role of particular 

receptors rather than an overall membrane response296. While little is known at 

this point as to how neutrophils sense the fluid environment, some studies have 

implicated β2 integrins by demonstrating conformational changes with shear 

application276,339. Other studies have implicated the potential mechanosensing of 

G-protein couple receptors (GPCRs) such as FPR, the receptor for fMLP125,194. 

The mechanosensing through GPCRs has the potential connection to 

cytoskeletal changes via the Rho GTPases, a set of downstream signaling 

molecules192,193. If shear induces a response through FPR that leads to inside-

out signaling style events, this could present as changes in Mac-1. Mac-1 

conformational changes could subsequently cause other downstream effects.   

Neutrophils and the Immune Response:  

The immune response is very complex and requires a wide array of cells 

to function properly in defending the body from infection and pathogenic invaders. 

It consists of two main portions, an innate and an adaptive response, generally 

differentiated by the specificity of the cells. As well as its role in defending against 

constant, small infections, the innate immune response provides containment 
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and support for the adaptive response. Neutrophils are the most prevalent cell of 

the innate system. The adaptive response consists primarily of lymphocytes, of 

which T and B cells play distinct roles in responding to pathogens221.  

Neutrophils provide an important role as first responders following 

emigration from the circulation, as well as in assisting effector cells of the adaptive 

response against bacterial and fungal infections218. Upon arrival, neutrophils 

provide a wide array of functions from the release of cell signaling molecules to 

the phagocytosis of pathogens315. As a result of this diverse function and 

importance as an early responder, neutrophils play a significant and distinct role 

in the response to infection. Their functions, location and abundance within the 

circulation (40-60% of leukocytes in the blood), and high counts (1011 generated 

each day) make neutrophil dysfunction a likely source for the high infection rates 

observed within VAD patients38,203.  

Neutrophil Activation: 

Neutrophil’s have a variety of states depending on the stimuli and signals 

they encounter in the surrounding environment. The process by which neutrophils 

respond to stimuli is generally referred to as neutrophil activation, which is a 

highly complicated and regulated process. In vivo, these events often correlate 

with distinct events in the neutrophil cycle, such as during migration (the adhesion 

cascade) or chemotaxis219. As such, neutrophil activation often follows a set 

process; some of the common components and their approximate timing can be 

seen in Fig. 1.5. Early stages, such as the up-regulation of surface receptors 

(e.g., CD11b and NOX2) are generally referred to as a unique state, neutrophil 
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priming212. Traditionally, neutrophil priming has referred to the respiratory burst, 

which consists of the production of the NOX2 complex in the outer membrane, 

and the augmented production of radicals after further stimulation84. However, 

while many of the steps and the typical processes are known, much of the 

intracellular signaling components are still being investigated, and so the 

neutrophil response to non-typical stimuli (such as pathological shear rates), 

remains unknown at this time. Neutrophils typically begin in a resting state, which 

is generally maintained by the low shear levels in the circulation. This helps to 

prevent entrapment in narrow capillaries and avoid unwanted aggregation or 

activation. These shear responses are discussed later in the introduction (Effects 

of Shear on Leukocytes). During the adhesion cascade, rolling interaction of 

PSGL-1 with P- and E- selectin results in priming signals, which lead to changes 

in the integrin conformational (extended) states167,337. This often corresponds 

with the release of secretory vesicles and L-selectin shedding. The release of 

secretory vesicles increases the concentration of surface receptors such as 

CD11b. Shedding of receptors such as L-selectin often occur during the migration 

phase as well, which helps release cells from their interaction with the endothelial 

cells120,213,257. Some CD18 shedding, for example, also occurs during this time; 

disruption of this cleavage was shown to reduce emigration222. Coupled with 

activating signals from GPCRs (chemokines), the cell slows and moves into the 

second part of the adhesion cascade, which results in the binding of the high 

affinity integrin conformation. The cell also polarizes during this process as it 

adheres and begins to crawl, which results in rearrangements of receptors such 
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as PSGL-1 and CD11b (to the leading and trailing edge of the cell 

respectively)138,325. The later stages of activation correspond with the release of 

the other granule subtypes as well, as the cell begins to migrate through the 

tissue; the granule subtypes will be discussed in more detail below. 

 

Figure 1.6: Components of Neutrophil Activation. Typical processes that 
correspond with neutrophil activation are shown, in the approximate order of 
occurrence. Neutrophil activation does not always follow the same cycle, and 
differs depending on the types of stimuli applied to the cell. Early stages often 
consist of cleavage and shedding of L-selectin and redistribution of PSGL-1 to 
the leading edge of the cell. This often coincides with secretory vesicle release, 
which results in the upregulation of receptors such as Mac-1 (CD11b/CD18). The 
gelatinase granules are typically the next released, followed by the specific 
granules. The specific granules correspond with traditional priming, with 
formation of the complete NOX2 complex on the cell surface, and an increased 
respiratory response with further activation. PSGL-1 shedding will occur with later 
granule release, the exact timing and extent which depends on the stimulus. The 
azurophilic granules are almost always the last released, and require a strong 
stimulator. Further activation can eventually lead to NETosis.  
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Neutrophil Functions:  

Neutrophils’ main purpose within the body is the killing of invading 

pathogens. This is accomplished directly through ingesting pathogens, the 

release of toxic molecules, or cytokines/chemokines to indicate inflammation and 

recruit other cell types156,226. Neutrophils first have to be recruited to the site of 

infection/inflammation, which was discussed in context of the adhesion cascade 

and the corresponding molecules that control this behavior. Following emigration, 

neutrophils then exhibit diverse functions at the sites of inflammation. The two 

functional aspects discussed in chapter four of this thesis are phagocytosis and 

intracellular granule release. Neutrophils also produce radical oxygen species 

(ROS) and under extreme conditions can release their DNA, which can trap 

pathogens, called neutrophil extracellular traps (NETs)156. While both of these 

functions are important, they are outside of the scope of this thesis and will 

therefore not be elaborated upon in detail. But these would be important factors 

to be examined for future studies. NETosis is already under investigation in our 

lab currently.  

Phagocytosis:  

Phagocytosis is one of the most important functional roles of the 

neutrophil, and along with macrophages they are the primary phagocytic cells. 

Phagocytosis occurs through different pathways, which can be broken down into 

two types (Fig. 1.7)45. While the downstream events are relatively similar and the 

end result the same, the mode of engulfment of the pathogen differs. In addition, 
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the initial binding interactions begin with distinct receptors depending on the 

opsonization. The first (Type I) is through antibody opsonization, which therefore 

relies on the various Fc receptors, such as FcγRIIIa. The second (Type II) is 

through the complement response, which binds through complement receptor 3 

(CR3)96,99. We have already encountered this receptor, although by its other 

name and function: Mac-1. Binding of pathogen to the surface membrane 

receptor for both types then relies on actin based structural rearrangements, 

creating a similar actin based “phagocytic cup” created around the pathogen. This 

phagocytic cup requires actin polymerization creating a branched F-actin 

structure298. However, the signaling pathways guiding this process differ through 

the signaling molecules (Rho GTPases) which orchestrate the response. Type I 

phagocytosis relies on pseudopod extension and membrane ruffling, mediated 

via cdc42 and Rac1, which control the filopodial and lamellipodial protrusions that 

surround the pathogen66,197,202,321. Inhibition of RhoA (through Rho kinases) was 

shown to have no effect269. Type II via CR3 doesn’t rely on an extension, but 

rather an invagination into which the pathogen essentially sinks into, mediated by 

RhoA and RhoG197,236. This CR3 based phagocytosis is not constitutively active, 

and first requires inside-out signaling to the high affinity conformation. Binding of 

CR3 to complement then signals for phagocytosis82.  
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Figure 1.7: Phagocytosis Signaling Pathways. Representation of Type I and 
Type II phagocytosis pathways. Binding of FcγR or CR3 to IgG or iC3b 
respectively, lead to intracellular signal transduction, ultimately leading to actin 
polymerization and engulfment of the pathogen. Republished with permission of 
Annual Reviews, Inc., from Flannagan et al. The Cell Biology of Phagocytosis. 
Annu. Rev. Pathol. Mech. Dis. Annual Reviews, 7:61-98, 2012; permission 
conveyed through Copyright Clearance Center, Inc. 
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Phagocytosis is important in the context of this work for two reasons. The 

first is as a functional assay, since it is one of the most important effector 

responses along with the production of reactive oxygen species (ROS). 

Therefore, it supplements the work on the state of the cell, by showing the 

potential effects of shear on downstream pathways. In addition, a study by Carter 

et al. observed a decrease in phagocytosis ability of leukocytes following a short 

exposure to high shear46. Thus, there is a precedent to expect to see changes 

should the exposure time and shear threshold combination be enough to activate 

or prime the cells. The second reason of importance relates to the signaling 

pathways involved. Actin based redistributions are essential for creating the 

phagocytic cup and the resulting engulfment of pathogens. High shear exposures 

have been previously demonstrated to cause changes in the proteins related to 

the control of the actin cytoskeleton, i.e. the Rho GTPases193. As such, it is a 

functional assay that we expect to be directly affected by shear based changes, 

potentially via the actin cytoskeleton. Altered Rho GTPase activity could lead to 

decreased actin mobilization or pseudopod projection, which would impair the 

ability of the phagocytic cup to form (as is shown with knockouts of the various 

Rho molecules)96.   

Granules:  

Granules provide a very important part of the neutrophil arsenal and due 

to the wide array of components provide a diverse range of function. Granules 

are preformed while the neutrophils are still undergoing development, with the 
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production appearing at the promyelocyte transition and continuing until the 

segmented stage of maturation. Production ceases after exit from the bone 

marrow38. The production phase of the granule has been shown to have some 

level of relation to the selected secretion at later times, the so called “targeting-

by-timing” hypothesis42,172. There are several types of neutrophil granules, which 

are released depending on the stimuli and level of activation of the cell. The 

granules are divided into several categories: primary, secondary, and tertiary 

granules. Primarily named from the order during maturation of the cells, and 

released in the reverse order, with the tertiary granules generally being the first 

to be released, followed by the secondary, and finally by the primary granules. 

There are also secretory vesicles that contain a variety of cell surface receptors, 

and are mobilized quickly and rapidly from neutrophil/endothelial interactions or 

chemokine signals42,65,226,333. This allows the neutrophil to quickly adapt to a state 

highly responsive to a wide array of external signals. While granules are 

categorized by their contents, the distinction between granule subtypes is not 

exact. Studies examining mRNA content in neutrophils in different stages of 

development from the bone marrow indicate the time frame for production of 

various proteins64. Packing of granules occurs throughout these stages of 

development, and therefore leads to the overlap in contents between some 

granule subtypes42,153,252,255. Azurophilic granules appear to be the most distinct, 

being formed early and with a somewhat different mechanism19,305; in fact the first 

studies separated peroxidase containing azurophilic granules from all other, non-

peroxidase containing granules. Secretory vesicles also appear to have their own 
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distinct formation, which is still somewhat unknown, but is hypothesized to be 

from endocytosis of membrane components65. It thus has surface receptor 

content also present in the secondary and tertiary granules. The largest degree 

of overlap occurs between these last two types, the specific and gelatinase 

granules.  

 

Figure 1.8: Granule Contents. Schematic of neutrophil granules and some 
examples of important contents found in each subtype, including the various 
markers to be used in chapter 4.  

 

Primary granules are the first formed during granulopoiesis, and generally 

the last to be released in the activation cascade. This position in the release cycle 

makes a lot of sense, as the contents are primarily bactericidal in nature. As such, 

while they are potent components of neutrophil’s pathogen elimination response, 
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they can also lead to severe tissue damage if activated in an improper manner. 

Primary granules contain serine proteases such as elastase and cathepsin, as 

well as myeloperoxidase (MPO). The latter is the defining protein of these 

peroxidase positive granules (azurophilic)20,21. MPO accounts for almost 5% of 

all neutrophil protein; it is a peroxidase that feeds off of the respiratory burst to 

catalyze halogenation reactions. The most common physiological reaction 

creates hypochlorous acid (HOCl), a potent antimicrobial agent14,155,225. While 

MPO deficiency is not lethal, patients have reduced antimicrobial function and 

are prone to infection166,250. MPO may play other protective roles, and has also 

been implicated in a number of pathologies including plaque rupture, obesity, 

arthritis, cancer, and even some neurological diseases including Alzheimer’s, 

where MPO is found co-localized with plaque170,232,250,304,310,311. In many of these 

cases the exact causality remains unknown. Elevated levels of MPO are a 

biomarker for several acute coronary syndromes and other cases related to 

oxidative damage22,227.  

The other granules play larger roles in the recruitment of other cell types, 

interaction with signaling molecules, and migration. The secretory vesicles are 

almost exclusively surface receptor proteins, and are quick to be released, with 

even low levels of stimulation39,41. These are different in a few ways from the 

other granule types, and are hypothesized to form in a distinct manner, the exact 

nature of which is still up for dispute. Current thoughts are from an endocytosis 

of membrane pieces during the late stages of formation36. But the more recent 

examination of such content raises the potential that this hypothesis may not be 



31 
 

accurate308. Regardless, secretory vesicles are quickly released, and are the 

most likely to do so from inside-out signaling, such as during the adhesion 

cascade270. For example, chemokines such as IL-8 and fMLP can cause 

complete mobilization of the secretory granules, with only around 20% for the 

gelatinase granules153,154. Due to the contents of these granules this is 

unsurprising, as it upregulates the adhesion molecules required, but only after 

inflammatory chemical signals have been discovered by the cell. In the context 

of the current study, CD11b/CD18 (Mac-1) is found to some extent in the 

secretory vesicles. These granules can be thought of as a priming process to 

increase the diversity of membrane receptors required for the adhesion cascade. 

Following initial stimulatory signals, a more varied suite of receptors is released 

to the surface to allow the cell to survey its environment.  

The other two granule types, tertiary and secondary, lie somewhere in 

between. Both contain a subset of surface receptors. Secondary granules have 

a much larger store, including the most substantial pool of intracellular CD11b, 

as well as other receptors such as CD66b not found in other granule 

subtypes65,271. We will use these two surface receptors (CD11b and CD66b) to 

examine potential granule release. CD11b has a variety of roles, as discussed 

previously in this introduction. CD66b is another granulocyte activation marker, 

and one that is specific to granulocytes, and to the secondary granule161,294,307. 

For example, both of these surface receptors were found in an activated state in 

rheumatoid arthritis patients307. CD66b binds galectin-3, and plays a role in 

adhesion and activation in neutrophils and eosinophils, and its activation can 
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correlate with the upregulation of CD11b92,335. Tertiary granules have a mix of 

gelatinases that help degrade the extracellular matrix during migration. These 

granules also contain a mix of cell recruiting molecules, such as oncostatin M 

(OSM). OSM is a pro-inflammatory cytokine of the IL-6 family301. Isolated 

neutrophils have been shown to contain a preformed stock of OSM, and the ability 

to synthesize and release additional quantities after stimulation114. It has been 

recently shown to be a potential marker for leukocyte activation in LVAD 

patients184. Secondary granules also contain antimicrobial molecules such as 

lactoferrin, and thus are again later in the activation response. However, these 

granule types are also related to the traditional cell “priming”, which generally 

refers to the radical oxygen species production by neutrophils. Components of 

the NADPH oxidase reside within the membranes of these granules and are 

released onto the plasma membrane surface. Later chemical signals are 

subsequently required and produce a pronounced response84. An example of this 

is LPS based priming, followed by an increased activation upon fMLP 

stimulation83,118. So these two granule subtypes can be thought of as the 

traditional priming events. Tertiary granules are released to aid in cell migration 

through the inflamed tissue333. Secondary granules both substantially upregulate 

the surface receptors for later response to activating signals, and provide critical 

components for the membrane based oxidative burst complex84,333. 

Effects of Shear on Leukocytes:  

Most studies involving shear rate have been completed using 

physiological shear rates and long exposure times, while only a few have 
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examined heightened shear rates. One of the major limitations of these studies 

is the increased time scale (min-hours) compared to VAD exposure times (msec). 

The time scale for almost all of these studies is still at least an order of magnitude 

higher than that in pathological conditions70,278.  

Table 1.1: Neutrophil Shear Studies. Previous studies examining the effects of 
shear on neutrophils. The various shear responses examined are listed along 
with the corresponding shear rate, exposure times, and shearing devices. 

Shear 

Response 

Shear Rate 

(s-1) 

Exposure 

Time 

Shearing 

Device 

Ref 

L-selectin 

Shedding 

150-400 N/A Flow Chamber [174] 

Pseudopod 

Retraction 

< 500 Seconds-10 min Micropipette 

Flow Chamber 

[217] 

[276] 

Pseudopod 

Projection 

20-400 1-20 min Micropipette [62] 

Recoil and Actin 

Stiffening 

100-400 Seconds Micropipette [63] 

CD18 cleavage < 1,000 1-10 min Cone-plate 

Micropipette 

Flow Chamber 

[339] 

[276]  

[102] 

FPR 

Internalization 

500 1-10 min Flow Chamber [297] 

[194] 

Rho GTPases 100-500 10 min Flow Chamber 

Cone-plate 

[193] 

F-actin content 100-1,200 

6-100 / 

150-600 

60 min 

1min / 

1min 

Rotating Disk 

Conc. Cylinder / 

Cone-plate 

[278] 

[54] 
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Post-Shear 

Stimulation 

10-400 1-120 min Cone-plate [214,215] 

Cell Viability and 

Degranulation 

10,000-270,000 2-10 min Conc. Cylinder [70,71] 

Reduced 

Phagocytosis 

3,700-35,000 

100-1,800 

90, 125 msec 

60-180 min 

Capillary tube 

Rotating Disk 

[46] 

[278] 

Apoptosis 100-1,400 60 min Rotating Disk [278] 

 

The effects of high shear stress on leukocyte function or behavior is not 

well understood. Some studies have shown that the response of leukocytes to 

fluid shear involves pseudopod retraction and deactivation of certain pathways, 

designed to decrease unwanted activation and potential clogging within the 

microcirculation54,62,101,157,214,217,297. Previous studies have examined essentially 

two aspects of the neutrophil response to physiological shear rates: cytoskeletal 

and receptor changes. For the former, changes in stiffness and pseudopods (both 

projection on surfaces and retraction under flow) have been 

demonstrated54,62,63,278. An increased stiffness could affect neutrophil rolling and 

migration, as could changes in pseudopods. In addition, pseudopod spreading 

can play a role in functions such as phagocytosis. A retraction could result in a 

decrease in the phagocytic function following shear exposures. Cell receptors, 

such as those that have been discussed so far in this introduction (e.g., CD11b, 

L-selectin), play a part in almost every neutrophil functional response. Decreases 

in surface receptors could affect both neutrophil rolling and migration, as well as 

downstream functions such as phagocytosis. In the case of decreased leukocyte 
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recruitment, a deficiency in initial capture and rolling could be explained by the 

loss of the most important ligands for these interactions: PSGL-1 and L-selectin. 

Decreases in receptors such as PSGL-1 will also decrease inside-out signaling 

for integrin state changes. Chemical activation of cells has shown that not only is 

PSGL-1 redistributed on the cell surface, but it is also shed via protease activity, 

leading to significant decreases in PSGL-1 expression levels43,68,138,139,185,199.  L-

selectin has also been demonstrated to be shed during activation, as well as 

during the rolling process itself109,115,152,160,174,303. Shedding of these receptors 

generally occurs during the final steps of the adhesion cascade, which aides in 

releasing the cell from its contact with the endothelium for continued migration 

into the site of inflammation. Receptor changes following activation also affect 

integrin levels such as CD11b and CD18, whose up regulation is a hallmark for 

activation6,28,102,175,339. Previous work has demonstrated a shear sensitivity for 

several receptors including CD18 and GPCRs such as FPR and 

PAF4,102,193,194,276,297,339. 

Some researchers have examined the effect of shear rate on blood cells 

and found what appears to be evidence of activation. For example, the work from 

Mitchell et al used CD11b conformational shifts and L-selectin shedding as 

markers for neutrophil activation; they found evidence for an increased response 

to stimulator after shear for the case of PAF215. An increased response to 

activation following shear indicates a potential priming of the cells; a well-known 

phenomenon for chemical activators such as LPS or TNFα. Chemical activation 

can also cause changes in receptor localization and mobilization, something not 
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examined in depth at this point for sheared neutrophils. The few studies with 

longer exposures have shown evidence of high shear causing activation, and 

potentially even cell death, under prolonged periods70,278. Interestingly, one of the 

few studies with pathological shears demonstrated a sensitivity to activation and 

destruction over time. Shear rates ≥20,000 s-1 applied for 10 minutes was 

sufficient to cause morphological changes, as well as the potential release of 

secretory vesicles and primary granules71.  

One of the only papers documenting a response to short time exposures 

of high shear is the work by Carter et al. White blood cells (WBCs) were tested 

using several analytical methods, including cell count, phagocytosis, and 

structural viability. This previous study analyzed shear rates ranging from 3,700 

to 35,000 s-1 over two exposure times estimated for a rotary blood pump: 90 and 

125 msec46. This work demonstrated that cell function, rather than cell count, was 

the primary factor affecting cell behavior following high shear. It also indicated 

that a short exposure to a high shear environment was sufficient to alter WBC 

behavior.  

Overview and Significance: 

Cardiovascular diseases have emerged as one of the most prevalent and 

costly fields of medicine. In recent years, shear rate has been discovered to be 

an important factor in complications from a variety of sources, both in natural 

events such as stenosis, as well as in artificial devices such as ventricular assist 

devices. Despite the apparent vulnerability, little work has examined the effects 
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of high shear on leukocytes. The few studies to examine high shear rates show 

a potential dysfunction and damage at long exposure times. To our knowledge 

only one study has demonstrated millisecond exposures to pathological shear; 

this study demonstrated a decrease in phagocytosis ability46. In this thesis we 

use microfluidic constricted devices to examine short exposures to pathological 

high shear, and the effect on neutrophils. Neutrophils are the most abundant 

white blood cell and play an essential role in many, if not most immune 

responses. As such, we suspect neutrophils play an indispensable role in the 

increased infection rates observed in patients with high shear conditions. We 

hypothesize that:  

1. Transient exposure to high shear causes alterations to the state of the 

neutrophil, inducing an activated neutrophil phenotype 

2. Transient exposure to high shear causes abnormal rolling behavior, 

leading to less stable neutrophil rolling with increased rolling velocities, 

resulting in reduced neutrophil infiltration to sites of infection 

3. Transient exposure to high shear decreases neutrophil phagocytic 

function, reducing the neutrophil’s ability to fight infection 

A microfluidic platform provides many advantages over “traditional” shear 

assays, including cone and plate viscometers, as well as larger parallel plate flow 

chambers. Poly-dimethyl siloxane (PDMS) microfluidics are highly customizable, 

and thus can be adapted easily for different shear rate regimes, as well as the 

desired effector function to be studied. New molds can be created with well-

established photolithography techniques. The efficacy of microfluidics hinges on 
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well-established flow profiles, especially for shear or adhesion based studies. 

Techniques in recent years, such as microparticle image velocimetry (µPIV), 

have emerged that allow for experimental characterization of the fluid profiles. 

Chapter 2 discusses the microfluidic device design to be used throughout the rest 

of the chapter. We describe the µPIV characterization of the channels’ velocity 

profiles and corresponding shear rate estimations. We present a simple and easy 

to use method of glass embeddation to support high aspect (W:H) ratio PDMS 

channels. We examine elevated flow rates to compensate for the high pressure 

drops in the longest constricted length channels, and evaluate the potential 

presence of recirculation zones in the exit of the constriction.  

One of the first steps for neutrophils in the bloodstream is the emigration 

at sites of inflammation. The initial capture of neutrophils and other leukocytes is 

governed by the interaction of selectins and their ligands. The PSGL-1 / P-

selectin combination is responsible for the initial capture and rolling. We examine 

potential defects in this step, using the microfluidic devices, in chapter 3. The 

rolling study presented provides one of the first glimpses into functional changes 

following short exposure to high shear. Shear rates in this section were under 

10,000 s-1. Based on the results observed, it is suspected that with increasing 

shear rates the critical exposure time causing the alterations in the rolling 

behavior will decrease.  

Following migration from the bloodstream, neutrophils have a variety of 

functions in clearing pathogens and in signaling the recruitment and activation of 

other cell types. We expand the study in chapter 4 to examine the neutrophil state 
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with a broad variety of markers throughout the cell and on the cell surface. We 

simultaneously move into a higher shear rate, lower exposure time regime; these 

conditions are reminiscent of very severe stenoses and conditions in devices 

such as VADs. We utilize a high throughput analysis method, flow cytometry, to 

quickly analyze multiple shear conditions in parallel. We adapt these methods for 

intracellular staining of granule components. We include surface receptors for 

each granule type as well, except for the primary granules, which contain content 

that is generally released either into the phagosome or into the extracellular 

space. However, to supplement that granule, we also use confocal imaging to 

visualize the state of the granules. By incorporating an examination of actin 

content, we further examine potential cytoskeleton changes hypothesized to 

occur in chapter 3 as the cause of the increased rolling velocities. We also 

examine a second functional assay, using a flow cytometry based phagocytosis 

assay.  

Throughout this thesis we introduce evidence that indicates an alteration 

in the neutrophil state with short exposures to high shear, for flow rate regimes 

not previously examined. The objectives are as follow: 

1. Design constricted microfluidic devices to expose cells to pathological (> 

3,000 s-1) shear rates 

2. Characterize and compare experimental velocity profiles with the 

theoretical profiles 

3. Examine the effect of high shear (~5,000 – 10,000 s-1) on neutrophil rolling 

behavior 
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4. Investigate neutrophil activation state after extremely high shear rates 

(80,000 – 100,000 s-1) 

5. Evaluate phagocytic function after short exposures to high shear rates 

(80,000 – 100,000 s-1) 
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Chapter 2: Channel Design and Characterization 

Portions of this chapter were reproduced in part with permission from: 

Springer Nature: Cellular and Molecular Bioengineering, Lewis, C.S., N.Z. 
Alsmadi, T.A. Snyder, and D.W. Schmidtke. Effects of Transient Exposure to 
High Shear on Neutrophil Rolling Behavior. Copyright 2018. 

 

Alsmadi, N.Z., S.J. Shapiro, C.S. Lewis, V.M. Sheth, T.A. Snyder, and D.W. 
Schmidtke. Constricted microfluidic devices to study the effects of transient high 
shear exposure on platelets. Biomicrofluidics 11:64105, 2017, with the 
permission of AIP Publishing 

 

 

Introduction: 

Microfluidic devices have emerged as a powerful and simple benchtop tool 

for studies in a wide range of areas, and with flow conditions that were previously 

unattainable. In the context of blood related biological studies, microfluidics vastly 

reduce the amount of blood required (<200 µL), which even allows studies to use 

blood from small animals (e.g., mice, rats). Current commercial microfluidic 

technologies often operate using less than 100 µL of fluid198. It also allows for 

many conditions to be run simultaneously with the same donor in parallel. 

Previous techniques generally required larger volumes (few mLs) that would thus 

be unattainable, and often require studies such as those with bovine blood or 

cultured cells249. Furthermore, the extremely high shear rates now of interest for 

VADs and stenosis increase the flow rates significantly. In addition to reducing 

the material amount/costs, microfluidics offer a simple way for a high level of 

control over fluid dynamics in the laminar flow regime relevant to the human 
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cardiovascular system, such as the applied shear rate or, for the example of this 

thesis, the exposure time to various shear rates.  

PDMS has become one of the most prominently used materials for 

microfluidic chambers since its development80. This comes from a variety of 

factors such as low costs and rapid, reusable casting. Fabrication for PDMS 

devices is very simple and does not require an extensive amount of specialized 

equipment or training286. Designs are almost as endless as the imagination, and 

thus can allow for complicated combinations of fluid conditions. In addition, 

PDMS is air permeable and is compatible for long term cell culture, and can be 

combined with other various materials quite readily. It also has good optical clarity 

to allow for direct imaging into the device. As such, it has become the standard 

material throughout the microfluidic research field280. Finally, should more rigid 

structures or chemical compatibility be necessary, there are a few other material 

options that can replace PDMS for microfluidic applications. Materials such as 

polyurethane methacrylate and thermoset polyester, can be fabricated with 

similar replica molding techniques165,286. Another recent technique developed a 

liquid polystyrene that can be cast using PDMS based molds, and thus shares 

many similarities with existing fabrication223. 

There are other, more “conventional”, or at least traditional, assays for 

exposures to shear, which have allowed for the study of various types of blood 

cells under high shear conditions. Much work has been done, especially in the 

relevance of platelets and erythrocytes but also for neutrophils, primarily using 

cone and plate viscometers7,52,91,104,110,111,136,235,265,282. Cone and plate 
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viscometers consist of a flat plate and a rotating cone with a very large obtuse 

angle. They are typically used because they create a uniform shear profile across 

the device, unlike the varying shear rate present in a couette viscometer206. While 

simple to use and with well-defined shear profiles, cone and plate viscometers 

are lacking for some of the most relevant, and perhaps least well understood, 

cardiovascular conditions: specifically the types of events discussed in this thesis 

in terms of stenosis, current blood contacting devices (e.g., VADs), and 

arteriosclerosis. While cone and plate viscometers can achieve virtually any of 

the shear rates relevant to such conditions, and while the current versions have 

improved upon the issue of blood quantity required, the exposure time remains 

virtually impossible to recreate at the scale relevant for such studies. Cone and 

plate viscometers have been used to study conditions down to as low as 1 minute 

in recent studies of neutrophils and to a few seconds for platelets110. For example, 

the work by Mitchell et al. used such conditions to examine important neutrophil 

receptors sensitive to shear214,215. Despite the recent advances, the exposure 

time for most of these types of devices is still several orders of magnitude higher 

than pathological cardiovascular conditions, especially for a single pass 

exposure. However, there have been other devices created; one recent study 

created a custom syringe capillary viscometer to study repeated exposures to 

high shear with exposure times as low as 25 msec. Although, this device still used 

up to 5 mL of isolated platelets273. The studies with longer exposure times might 

demonstrate the type of effect that could occur from compound (multiple, 

sequential) exposures to high shear. However, additional devices and studies are 
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needed that will allow for each individual pass to experience low exposure times, 

and the study of how such repeated exposures compound the shear effect. 

Microfluidics are posed to answer these questions, yet to the author’s knowledge 

there has been only one study to date using such a type of system to study high 

shear (>3,000 s-1) effects (on neutrophils), and this still used a larger glass 

capillary tube46. Some studies have used parallel plate flow chambers, primarily 

to study neutrophil adhesion31,211,242,251,263,329,330. While these are simple and 

commercially available, flow rates are too high and require too much blood to be 

usable for high shear applications. Some recent work in the microfluidic field has 

focused on the creation of microfluidic rheometers, but so far these devices have 

been applied for measurements (e.g., viscosity) rather than for shear 

application117,237,249.  

Microfluidic devices with constrictions and stenoses have been previously 

created and utilized, and allow for the study of atherosclerotic shear rates. 

However, these studies have almost exclusively focused on platelets. For 

example, a study by Colace et al. used a constricted channel to study the effect 

of high shear rates on von Willebrand Factor (vWF) unfolding60. The unfolding of 

vWF, and subsequent cleavage by ADAMTS13, is believed to play an integral 

part in the bleeding deficiencies observed in VAD patients. The Ku group has 

used stenotic devices to examine several factors related to thrombosis in 

pathological conditions (> 2,000 – 6,000 s-1) mimicking arterial stenosis. These 

devices consisted of both glass capillary tubes and PDMS microfluidic stenotic 

devices. Using these stenotic devices they were able to predict high shear 
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thrombus growth207, correlate thrombosis growth rates with wall shear rates26, 

examine platelet deposition with high shear rate, pulsatile flow48, and examine 

the role of vWF in high shear thrombosis47. They even used these devices to 

examine anti-platelet therapies, to examine the effect on thrombus formation and 

occlusion within the device116,180. A study by Ha et al. performed velocity 

measurements in a similar style of constricted channel and examined flow 

velocities and circulation zones at different Reynold’s numbers, as well as the 

effect of these regions on platelet adhesion119. In addition, other groups have 

studied atherosclerotic conditions with adaptations of the constricted design, by 

having a short, circular stenosis style constriction. For example, Westein et al., 

created a microfluidic stenotic device to mimic stenosis in the carotid artery, with 

shear rates up to 8,000 s-1. They examined the effect of such a stenotic region 

on thrombus formation, by patterning vWF and fibrinogen strips. This design 

allowed them to examine platelet aggregation and the tendency for thrombus 

formation in the post-stenosis region323. A unique microfluidic system was 

implemented by Mannino et al., who used PMMA fibers to create cylindrical 

channels embedded in a slab of PDMS. The geometry could be manipulated by 

the removal of a section to create a stenosis, or adding/fusing fibers to create 

bifurcations. They demonstrated the functionality of such devices with seeded 

endothelial cells and the adhesion of platelets and erythrocytes in different 

regions of the devices196. The microfluidic field has been expanding rapidly in 

recent years, and as seen here, a variety of techniques can be used to examine 

cardiovascular conditions.  
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Due to the importance of shear rate and exposure time for the work 

described in this thesis, it is important to verify the shear rate at each of the 

regions of interest in the channel. Estimates for wall shear rates in rectangular 

channels can be made from analytical solution of the Navier Stokes equation and 

related approximations, but there are a variety of variables that can affect the 

shear rate along the channel length. Many of these factors are very difficult to 

account for, and things such as the pressure drop are more prevalent for the 

small dimensions present in microfluidics, especially with high flow rates. 

Combined with long constriction lengths, high pressure drops can alter the 

velocity in the channel, and therefore the shear rate deviates from that expected 

from theoretical calculations. The longest channels in this study, designed for 

exposure times greater than 50 msec at shear rates in excess of 80,000 s-1, are 

prone to this high resistance to fluid flow (Cons. F and G in Fig. 2.2). As such, for 

high velocity conditions such as those presented throughout this thesis, velocity 

and shear rate estimations can be quite difficult. However, recent advances in 

digital cameras and electronics has allowed for great steps in systems designed 

to measure velocities. Particle image velocimetry (PIV), a technique established 

more than 30 years ago for macroscopic flows3, has emerged in recent years for 

applications on a much smaller scale with studies investigating flow profiles in 

microfluidic devices, and even in some in vivo systems209,247,261,277.  

Micro-PIV tracks the locations of small particles, of sufficiently small size 

to move with the fluid flow. A fast firing double pulsed Nd:YAG laser (pulse 

duration of ~10 ns) illuminates the beads twice successively with a defined 
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exposure time between images. Automated programs track the location of the 

particles between paired frames, with images divided up into a grid of 

interrogation windows. The exposure time is chosen such that the particles ideally 

move about a quarter of the grid window size, so that the majority of particles 

remain within each grid. A cross correlation method is used to determine the 

displacement for particles in the pair of images in each interrogation window, with 

the displacement (pixel shift between images) corresponding to the highest peak 

in the correlation plane (Figure 2.1B). Essentially, the product of the intensities 

between shifted images are summed over the total particles in the interrogation 

window, with the highest peak corresponding to the shift where all (or the 

majority) of the particles are aligned. The presence of multiple particles in each 

interrogation window helps increase the accuracy of this technique. This 

determined displacement is then averaged over the series of image pairs. The 

individual vectors for each grid comprise the velocity field, examples for the 

constricted channel are shown in Figure 2.4. The accuracy of such techniques 

requires an illumination and capture source that can operate on the nanosecond 

scale183,322. 
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Figure 2.1: µPIV Schematic: setup and cross-correlation. The top panel (A) 
shows a typical µPIV setup with a double pulsed laser system and inverted 
microscope; a similar system is used in this thesis. (B) Shows the cross-
correlation method for an example pair of images at time t and t + Δt, in which 
particle displacement is examined for each interrogation window. The 
displacement is determined from the highest peak in the cross correlation 
plane. Dividing this displacement by the time provides the velocity vector for the 
interrogation window. (A) Republished with permission of Annual Reviews, from 
Recent Advances in Micro-Particle Image Velocimetry, Wereley and Meinhart, 
Volume 42, 2010; permission conveyed through Copyright Clearance Center, 
Inc. (B) from Deng et al.69 
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In this chapter, the microfluidic system to be used throughout the thesis to 

examine neutrophil state and function following short exposures to high shear is 

described. As can be seen in Figure 2.2, the PDMS based device consists of low 

shear regions flanking a high shear constriction, to allow for the simultaneous 

study of cell adhesion, with a controlled exposure to high shear. The shear rates 

were chosen to represent physiological levels in the upstream and downstream 

regions for adhesion studies, and higher pathological shear in the constrictions. 

A µPIV system is used to characterize the velocity profiles throughout the various 

regions of the device. This profile is then used to calculate fluid dynamic 

variables, such as the wall shear rate and exposure time. There are three main 

sets of channels / conditions to be introduced: the 125-5900-125 s-1 channels, 

the 90-8600-90 s-1 channels, and the 2400-100,000-2400 s-1 channels. The shear 

rates for each set of channels represent the values in the upstream, constricted, 

and downstream regions (Up-Con-Down). The first two sets of channels are used 

in chapter 3 to examine neutrophil rolling, while the last will be used for a variety 

of tests designed to examine neutrophil state and function in chapter 4. The last 

set of channels was also used to study both platelet activation and aggregation 

following short exposures to high shear10,133; these reports and the follow up 

studies (in progress) are outside of the scope examined in this thesis. In the 

current chapter we will also further discuss the general design components of the 

device, and a simple adaptation to reduce collapsibility in the highest aspect ratio 

channels.  
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Methods: 

Materials: 

PDMS (Sylgard 184, Dow corning) was purchased from Krayden. Elbow 

and connecting pieces were purchased form Value Plastics Inc. (Fort Collins, 

CO). Glass coverslips No. 1.5 (50 x 45 x 0.16-0.19 mm L x W x H) and No. 2 (50 

x 45 x 0.17-0.25 mm) were purchased from Fisher Scientific, while glass slides 

(3 inch x 1 inch x 1 mm) were purchased from VWR. 0.5 and 1 µm fluorescent 

particles (Fluospheres, polystyrene, red 580/605) for µPIV experiments were 

purchased from ThermoScientific. The PIV laser system was acquired from TSI 

(Shoreview, MN).  

Photolithography: 

PDMS based microfluidics were created from master molds fabricated 

through standard negative photolithography techniques. KMPR 1050 photoresist 

(MicroChem, Westborough, MA) was first poured onto silicon wafers and a 60 

µm layer was created via spin coating. The wafer was baked at 100 °C for 20 min 

and then exposed using UV light for 12mJ/cm2s. The wafer was post-baked for 4 

min at 100 °C and then developed for 5 min in SU-8 developer (MicroChem). 

Prior to PDMS pouring the wafer was coated with (Tridecafluoro-1,1,2,2-

TetraHydrooctyl) Methyl dichlorosilane for 6 hours, for easy release of the PDMS. 

A more detailed method can be found in Appendix B.  
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PDMS microfluidics: 

PDMS devices were made from a 1:10 (w:w) ratio of curing agent to base. 

PDMS was mixed and poured over the photolithography molds. PDMS was 

allowed to degass for one hour in a desiccator at room temperature. Elbow pieces 

were placed at one end to form the inlet or outlet of the device, depending on the 

experiment to follow. For higher shear applications, metal rods were put in place 

of the elbows. Molds were placed in an oven at 80°C for an hour to cure. For high 

shear devices, the metal rod was then removed and tubing was inserted. 

Additional PDMS was poured on top of the device around the tubing, and then 

desiccated and cured as before. An example of this process from our lab can be 

found in Lam et al.169. Devices were then cut out and kept in a desiccating box 

until use.  

Prior to sealing, devices were cleaned with tape to remove any residual 

dust. Channels for rolling experiments were placed on coverslips and sealed with 

a vacuum line. For high shear conditions (80,000 s-1 and above), devices were 

first cleaned in acid. This consisted of a series of washes with 10% HCl, 100% 

acetone, and 100% ethanol for five minutes each. Stamps were thoroughly rinsed 

with water and allowed to dry for 30 minutes at 80°C. PDMS stamps and glass 

coverslips (No. 1.5) were placed in a PDC-32G plasma cleaner (Harrick) for 1 

minute on high RF power (18 W). Stamps were sealed immediately to the glass 

coverslips and allowed to sit for 2 days before use. For channels with elbow piece 

connections, silastic tubing was attached to the elbow piece, and a layer of epoxy 

was poured on top of the device, around the elbow piece. The epoxy surrounds 
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the elbow piece, to help strengthen this potential vulnerability from leaks. The 

epoxy support is almost identical to the extra PDMS poured around the 

embedded tubing for the long exposure time devices, as was described above.   

Flow characterization of microfluidic channels: 

The shear rate and exposure time in the constricted region were controlled 

by both the channel dimensions and the perfusion flow rate. Theoretical velocity 

profiles and wall shear rates were calculated based on the channel dimensions 

using an approximation for rectangular die with low aspect (width: height) 

ratios287. More detail about this approximation can be found in Appendix A. 

Experimental velocity profiles in the channels were measured using a 

microparticle image velocimetry (µPIV) system. A double pulsed Nd:YAG laser 

was used to illuminate 1 µm fluorescent beads (Molecular Probes, Eugene, OR). 

The velocity of the fluorescent beads was measured at three regions: 3.5 mm 

upstream of the constriction, 3.5 mm downstream of the constriction, and within 

the center of the high shear constriction. In the upstream and downstream 

regions of the microfluidic channels, z planes at 5 µm intervals were taken to 

characterize the velocity profile from the channel floor to the center region of the 

channel, while in the constricted region z planes were taken throughout the entire 

height. To ensure accuracy of the z position, a low density of 0.5 µm beads 

(1:100) was first introduced into the channel and allowed to adhere to the top and 

bottom walls for 5-10 minutes prior to start. For each z position, the bottom wall 

was determined by focusing on this bottom layer of beads, and then moved to 

the corresponding position with the automated z control of the microscope. 
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Fluorescent images of the beads were taken using a Zeiss AxioObserver 

microscope equipped with a 40x oil objective (1.4 NA), a 16MP PowerView 

camera, and a synchronization controller. A high aperture objective is essential 

for accurate measurements to reduce out of focus effects. The delay between 

laser pulses was set from 0.4-2,000 µs depending on the location within the 

channel and the flow rate. A pixel binning spot size of 64 was used. Velocities 

were determined using Insight 4G software. Velocity profiles and wall shear rates 

were then subsequently created and calculated in Matlab. 
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Results and Discussion:  

Channel design:  

Channels were created to allow for the analysis of high shear rates utilizing 

small sample sizes, a prerequisite for studying human samples. The design 

centers on a constricted region for introducing these shear rates with a well-

defined exposure time. In addition, the devices contain two low shear regions 

flanking the constriction. A schematic of the channel design is shown in Figure 

2.2. This design allows for adhesion and rolling based studies to occur in the 

same devices as the shear exposure, something not possible with many other 

shear exposure methods. The cells remaining in the same device also greatly 

decreases the potential for artifacts from handling and time delays.  

This shear inducing constricted channel is a simple and relatively easy to 

fabricate design. In the current study, we implement shear rates to mimic 

pathological shear conditions (>3,000 s-1) and extremely high shear rates 

(>10,000 s-1)77. We first had to choose a set of dimensions. A 33:1 (upstream 

width: constricted width) ratio allows for adhesion under venous/arterial 

conditions, and high shear exposure to pathological shear. While the ratio was 

maintained constant between the upstream/downstream regions and the 

constriction, the widths were adjusted. Constriction sizes tested were 15, 30, 45, 

and 60 µm, with a height of 60 µm. These provide dimensions comparable to 

smaller venules and arterioles, which range from approximately 10-100 µm195,241. 

Based on several factors the 45 x 60 µm (constriction width x height), 1500 x 60 
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µm (up/downstream width x height) channel was chosen; this provided a balance 

between the volume of blood required, potential clogging issues, and expected 

rolling velocity, among other variables. The angle was chosen in an attempt to 

reduce the formation of recirculation zones in a fast expansion area, and based 

on some of the previous constricted channel devices in the literature that were 

used for platelet studies60,119.  

 

Figure 2.2: Schematic of the constricted microfluidic channels and their 
dimensions.  
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Initial adhesion experiments used a one sided plasma cleaning method 

which could provide a seal for a short time. However, this method was not reliable 

consistently and led to leaking issues. To fix sealing concerns, a vacuum design 

was implemented, based on previous work228. Surrounding the channel is around 

5 mm of empty space to create a vacuum seal around the channel. Posts 

embedded within this region support the PDMS and prevent collapse from the 

vacuum, which is introduced via tubing and supported by an external vacuum 

pump. Posts are 500 µm wide with 500 µm spacing. The vacuum design allows 

for a reversible seal, essential for the combination with adhesion based 

experiments such as that presented in chapter 3, as the deposited protein cannot 

survive the plasma cleaning process (will be etched away). There are ways in 

which proteins can be protected during the plasma cleaning process262, although 

the protein is still vulnerable to changes in concentration, leaving these methods 

as a potential source of added variability. Similar vacuum incorporating designs 

have been demonstrated for such adhesion applications, although without the 

high shear regions24,263. A schematic of the device is shown below in Figure 2.3. 

For higher shear applications in which the devices are permanently bonded, the 

vacuum design does not interfere, allowing for the same masks to be used for all 

applications presented in this thesis.  
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Figure 2.3: Schematic of the channels with the incorporated vacuum design for 
a temporary seal. Circles become posts in the PDMS stamp and support the 
vacuum in the surrounding empty space. Posts are 500 µm wide with 500 µm 
spacing.  

 

Shear rate estimation: 

The shear rate depends on both the physical dimensions, as well as the 

velocity of the fluid in the channel. We have chosen a range of shear rates for our 

study, as well as the channel dimensions, to mimic the pathological shear rates 

in conditions of interest (e.g., stenosis, VADs). We thus need an equation to 

correlate these variables with the flow rate. Commercial flow chambers and other 

commonly used devices in the microfluidic field often have aspect ratios equal to 

or greater than 10:1 width: height, and it is assumed that the solution to the Navier 
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Stokes equation reduces to a so called rectangular approximation when the width 

is sufficiently large compared to the height58. However, the low aspect ratio 

design for the constricted region in these experiments does not fit within this 

approximation, and therefore we cannot use the reduced form of the solution to 

estimate the flow rate. Other groups have examined the shear rate in rectangular 

die, with aspect ratios close to one. We use the solution from one such study, to 

be able to approximate the wall shear rate in the channels, in which the equation 

is given by287:  
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  Eq. (2) 

H, W, and Q are the height, width, and flow rate respectively. This equation is 

used for almost all the channels throughout the study for calculations of the 

necessary flow rate. We will later also estimate the shear rates based on the 

velocity profiles with parabolic fits for the theoretical and experimental curves and 

compare the results in Table 2.2.   

PIV analysis: analytical solution 

In order to determine the fluid velocity and shear rate profiles in the 

microfluidic channels, both theoretical and experimental analyses were 

performed. The theoretical velocity profiles in the microfluidic channels were 

calculated using the Navier Stokes (NS) equation for a rectangular channel. This 
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equation can be simplified to and solved for the velocity at a position y and z from 

the center of the channel231:  
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         Eq. (3) 

Here, yc is the position from the center of the channel moving towards the side 

walls, zc is the height position from the center of the channel, a and b are half of 

the height and width of the channel respectively, µ is the viscosity, and p is the 

pressure. Integration of Eq. (3) results in a solution for the volumetric flow rate: 

𝑄̇𝑄 = 4𝑏𝑏𝑎𝑎3
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Rearranging Eq. (4) for the pressure drop (dp/dx) and substituting into Eq. (3) 

allows for the determination of theoretical velocity profiles over the width and 

height of the channel. The viscosity of the system (beads or isolated neutrophils) 

was assumed to be 1 cP.  

PIV experimental analysis: “low” shear rate for rolling studies 

We begin our experimental µPIV analysis with the “low” shear, 5900 s-1 

condition, with channels A and D (straight channel and long exposure shear 

channel). In chapter 3, we use these shear conditions to investigate the effect of 

short exposures to high shear on neutrophil rolling. This condition corresponds 

to a flow rate of 5 µL/min. Figure 2.4 shows the theoretical and experimental fluid 

velocities determined for three regions of the microfluidic channel D: the low 

shear upstream region, the high shear constriction region, and the low shear 

downstream region. As shown by the theoretical curves (Fig. 2.4), in the low 

shear regions of the channel, the rectangular design produced a constant velocity 
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profile over approximately 90% of the channel, creating a uniform wall shear rate. 

In contrast, the constricted region exhibited a parabolic velocity profile in both the 

y and z directions, creating a range of velocities depending on the cell position. 

The experimental velocity profiles were determined by performing microparticle 

image velocimetry (µPIV), using a synchronized, double pulsed PIV system to 

track the positions of fluorescent particles. Figure 2.4 shows representative 

velocity profiles in the xy plane that were acquired by µPIV for the upstream 

region (Fig. 2.4A), constricted region (Fig. 2.4B), and downstream region (Fig. 

2.4C) of a microchannel.  

 

Figure 2.4: Representative velocity vectors and profiles in a constricted 
microfluidic channel. The velocity vector maps (top panel) are shown for a Type 
D constricted microfluidic device at (A) a position upstream of the constriction, 
(B) in the middle of the constricted region, and (C) downstream of the 
constriction for z = 30 µm. The bottom panel compares the theoretical values for 
the velocity profiles to the experimentally measured velocity profiles near the 
wall for the upstream and downstream locations and throughout the constricted 
region. 
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In order to measure the 3-D velocity profile, the focal plane of the 

microscope was moved vertically from near the bottom wall to the center of the 

channel, and velocity measurements in the xy plane were taken at several 

different heights. Measurements near the wall, while theoretically ideal for wall 

shear rate calculations, are known to be difficult to measure accurately and tend 

to be more prone to error230. Thus, velocities were measured at several z 

positions away from the wall, with the z position defined as the distance from the 

bottom wall. Because of the symmetry present in the flow profile, approximately 

half of the channel height was measured in the upstream/downstream regions, 

past the maximum velocities at the center. Figure 2.5 shows the results of the 

µPIV measurements in the upstream, downstream, and constricted regions of a 

type D microfluidic device and compares them to the theoretical predictions. 

Velocities were normalized to the maximum velocity of the theoretical curve, so 

that the centerline velocity of the theoretical curve equals one. As can be seen, 

we observed good agreement between the upstream (Fig. 2.5A) and downstream 

(Fig. 2.5B) velocity profiles with the theoretical profiles, and between the µPIV 

measured and theoretical velocity profile in the constricted region (Fig. 2.5C). The 

similarities between the upstream and downstream velocity profiles in the 

constricted channels suggest that any pressure drop due to the constricted 

regions had a minimal effect on the downstream velocity profile. We also 

observed good agreement between the theoretical and experimental curves for 



62 
 

straight channel microfluidic devices (Fig. 2.6), and no significant difference was 

observed in the velocity profiles of the upstream and downstream regions. 

 

Figure 2.5: Velocity profile for a constricted microfluidic channel. Experimental 
velocity profiles measured by µPIV in a constricted microfluidic channel (Type 
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D) at an (A) upstream, (B) constricted region, and (C) downstream location are 
compared to the analytical solution for flow through a rectangular channel and a 
second-order polynomial fit to the experimental velocity measurements. Velocity 
profiles are normalized to the maximum centerline value of the theoretical 
curve.  

 

Wall shear rates were calculated by fitting a parabolic regression to the 

measured velocities to estimate the curvature141,209,230. The derivative of this 

second order fit, plugging in the z position at the wall (0 µm), provides the wall 

shear rate. Parabolic fits of the upstream and downstream regions of the straight 

microfluidic channels (Str. A, Fig. 2.6) provided an estimated shear rate for the 

upstream region of 122 ± 30 s-1 and a shear rate of 123 ± 14 s-1 for the 

downstream region. These values were similar to the theoretical value of 125 s-

1. For the constricted microfluidic channels, the parabolic fits of the upstream and 

downstream regions of constricted microfluidic channel D (Fig. 2.5) provided 

estimated shear rates of 111 ± 21 s-1 (upstream) and 124 ± 16 s-1 (downstream), 

which were similar to the theoretical value of 125 s-1. Parabolic fitting of the µPIV 

measurements in the constricted region estimated the wall shear rate to be 5900 

± 300 s-1.  
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Figure 2.6: Velocity profile for a straight channel microfludic. Experimental 
velocity profiles measured by µPIV for a type Str. A channel at (A) the upstream 
region and (B) the downstream region are compared to second order 
polynomial fits of the experimental data and the analytical solution 

 

Exposure time: 

The exposure time is a critical component used throughout this thesis and 

corresponding papers. The microfluidic device allows for the simple modification 

of this shear exposure time as a direct function of the constriction length (L). The 

average exposure time is calculated based on the ratio of the constriction volume 
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to the volumetric flow rate (Q), or equivalently of the length to the mean fluid 

velocity (v):  

𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐿𝐿∗𝑊𝑊∗𝐻𝐻
𝑄𝑄

= 𝐿𝐿
𝑣𝑣
  Eq. (5) 

While this is a relatively simple value to calculate, it can be affected by changes 

in velocity from pressure drops across the channel. We can adjust the estimate 

for this value from the collected µPIV data. We can use the change in velocity 

from the theoretical profile to the experimental µPIV velocity, and assume a linear 

relation for the centerline velocity and the average velocity (and therefore the flow 

rate). Increasing/decreasing the flow rate by this percentage provides the 

approximate flow rate, and therefore a new calculated exposure time. Using the 

µPIV data collected from Con. D, we estimate the exposure times for channels 

B-E to be 100, 210, 310, and 390 msec. It is important to note that this is a 

calculated value that is based on the average flow rate and is therefore an 

average transit time for the cells passing through the constriction. The exposure 

time for individual cells will vary due to their velocity, which depends on their 

position from the walls. Since the flow is laminar, cells will maintain this distance 

and velocity throughout the constricted region. Estimates for the exposure time 

as a function of the distance from the bottom wall can be created from the µPIV 

data, by using the velocity at each of these points. Dividing the constriction length 

by this velocity provides an exposure time for each streamline position at intervals 

of 5 µm moving up away from the bottom wall. The results of these exposure 

times can be seen in Figure 2.7.  
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Figure 2.7: Exposure time as a function of z-position. Velocities at 5 µm z-
intervals (height from the bottom wall) can be used to estimate the exposure 
time for a cell at that position, shown here for the wall shear rate condition of 
5900 s-1. Velocities are taken in the center of the channel along the width (y-
direction) of the channel. Since the flow is laminar and the exposure time is 
short, we assume the z-position of the cells remains constant over the length of 
the constriction. Each curve represents a given channel length, for Cons. B-E, 
from left to right, labeled by the average exposure times.  

 

Reynolds number: 

The Reynolds number is a very typical and useful dimensional number to 

engineers in fluid mechanics applications. It is the ratio of inertial to viscous 

forces, and can be used to estimate the type of flow (i.e., laminar or turbulent). 

The Reynolds number is given by the formula:  

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝐷𝐷ℎ
𝜇𝜇𝜇𝜇

 Eq. (6) 

Where Q is the flow rate, Dh is the hydraulic diameter, ρ is the density, µ is the 

viscosity, and A is the cross-sectional area. For the case of a rectangular channel 
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the hydraulic diameter is 4A/P, with P being the wetted perimeter. The Reynolds 

numbers for the high shear conditions can be seen in Table 2.1. The Re numbers 

for the channels used in this study are well below the beginning of turbulent flows 

at around 2300. Only the highest shear conditions are shown since these will 

have the largest Re.  

Table 2.1: Reynolds number for the high shear conditions (80,000-100,000 s-1) 
in isolated cells and whole blood 

Condition Re 

(Up/Downstream) 

Re (Constriction) 

Isolated Buffer 3.0 44 

Whole Blood 0.81 12 

 

PIV characterization: 125-5900s-1 additional constricted channel lengths 

Fluid flow in the microfluidic devices is driven by a pressure difference. For 

this shear rate set (125-5,900 s-1), we use the withdraw feature; the plunger on 

the syringe is pulled to create a vacuum, and therefore a pressure driving force, 

which causes the fluid flow. There is a possibility that, with increasing constriction 

lengths, a significant pressure drop over the channel can cause a decrease in the 

velocity. For these flow rate conditions, we do not expect this effect to be 

significant. The similar velocities in the up/downstream regions of the constricted 

and straight channels (D and A) suggested that this was indeed the case, and 

that the constriction length did not cause any differences for the shear rates in 

this portion of the study. There is also a second possibility: that the pressure 
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causes deformation in the PDMS. We detected no evidence of deformation, 

which would have been most prevalent in the downstream region under these 

conditions (withdraw). We also did not see much variation from the theoretical 

velocity profile. We used the µPIV system to examine the other constricted 

lengths, constrictions B, C, and E. Similar to Con. D, the velocity profiles for the 

other constrictions match up well with the theoretical velocity.  

 

Figure 2.8: Velocity profiles of constricted channels B-E. Experimental and 
theoretical velocities are normalized to the theoretical profile for each channel. 
Constricted lengths for B-E are 3.9, 7.7, 11.6, and 15.0 mm, respectively. 
Exposure times for B-E are 100, 210, 310, and 390 msec.  

 

Surprisingly, we saw a slight difference in the shear rate between channels 

B/C and D/E (Table 2.2). The shear rate magnitude from the µPIV experiments 
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for channel D were around 5900 s-1, as mentioned previously. We observed a 

similar estimation for the 390 msec channel (E), with a shear rate of around 5600 

s-1. However, constricted channels B and C were both lower, at 4700 and 4500 

s-1. In each case, the shear rate estimates from the parabolic fit from the µPIV 

data (Exper. SR, Table 2.2 below) is similar to the calculated shear rate (Equation 

1, from Son287, Calc. SR Theor.), as well as an estimate fitting a parabolic curve 

to the theoretical velocity profile (SR Theor. Parabolic Fit). The calculated and 

theoretical fits match for channels B and C, and are different by 200 s-1 for D and 

E.  

Table 2.2: Wall shear rate estimates for channels B-E. Columns from left to 
right show the channel name, constriction length, constriction height, exposure 
time, calculated theoretical shear rate (SR), parabolic fitted theoretical shear 
rate, the experimental shear rate estimate from the parabolic fit, and the 
experimental average of the parabolic fits for each individual channel run for 
each condition. All constricted regions are 45 µm wide.  

Channel Con. 

Length 

(mm) 

Con.  

Height 

(µm) 

Exp. 

Time 

(msec) 

Calc. 

SR 

Theor.  

(s-1) 

SR 

Theor. 

Parabolic 

Fit (s-1) 

Exper. 

SR  

(s-1) 

Exper.SR  

Ch Avg 

(s-1) 

Con. B 3.9 58 100 4500 4500 4700 5000 

Con. C 7.7 58 210 4500 4500 4500 4600 

Con. D 11.6 53 310 5400 5200 5900 5500 

Con. E 15.0 53 390 5400 5200 5600 5800 
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  The differences in the shear rates between channels appears to stem 

directly from the height, which was found to be 5 µm shorter in channels D/E, at 

53 µm as opposed to 58 µm. Channel heights were measured in a similar fashion 

as the z positions, using beads attached to the top and bottom walls. A variation 

in the velocity from an increased pressure drop with increasing length would most 

likely cause a decrease in the velocity in the longer channels, rather than an 

increase. In fact, we will see such an effect in the higher shear rate conditions 

(>80,000 s-1) with the longer Cons. F and G. Since the height correlates with the 

shear rate by a factor of two, any differences in the height amplify variations in 

the shear rate. Thus, the main source of error results directly from the 

photolithography, which has an inherent height variability, even across a single 

wafer. Unfortunately, this can also cause differences between wafers and 

constriction types, as well as in a single channel across the length. The extremely 

long channels are vulnerable to increased height on the edges of the wafer. The 

symmetry of the mask design and placement over the wafer during the 

photolithography process means that upstream and downstream locations are 

similar for a given channel, as the design and spin coating of the photoresist are 

symmetrical. The photolithography process with the current equipment available 

to us allows for construction of master molds with an accuracy in the height of 

around 2-3 µm for a given wafer. Any wafers that vary outside of this range are 

excluded. Wafers also have a limited lifetime and may lose some height over 

time. The µPIV characterization on these constricted channels was done at 

different times with molds from separate silicon wafer master molds. The taller 
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constricted channels from molds B and C were from newer wafers; by the time of 

the µPIV the previous molds for these channels were unusable. Another very 

important note is that for all of the rolling experiments in chapter 3, the channels 

for a given experiment were taken from the same master mold (wafer). 

Comparing the upstream and downstream velocities for each channel also helps 

to account for this type of error. The accepted range for the height between 

master (photoresist) molds varied from 57 to 63 µm. But any single wafer with 

such an inherent height variation across the wafer would not be used; wafers 

were all measured after production and before use. Additionally, it appears that 

the vacuum seal causes a small deformation, as application of the vacuum 

decreased the height of the channel by up to about 4 µm. The channels for the 

µPIV were at 53 and 58 µm. The same mold (Con. D, 53 µm here) used for the 

high shear applications later in the chapter were in the expected >57 µm.  

The shear rate calculations completed and used throughout this work were 

based on compiling an average velocity profile from multiple channels, and then 

using this profile to create the second order polynomial fit and the corresponding 

wall shear rate. Individual velocity points can be influenced by the accuracy of 

the height (z position) from the bottom wall. Ideally, all measurements in the z 

direction are accurate to within 1-2 µm. A portion of this comes from the accuracy 

in measuring the wall position. In this case we used small, 0.5 µm beads for this 

estimation, which should give accuracy to within a micron or so. Using fluorescent 

signal reduces the depth of focus in order to increase this accuracy in the z 

measurement, but even with a high numerical aperture, the depth of focus 
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remains a few microns. Due to the small size of these channels, even small 

differences in the z position greatly affect the velocity, especially around the 

center of the channels. Averaging the velocity profiles between channels at each 

point helps to account for any error in the individual measurements, optimally 

thus approaching the velocity profile with an increasing number of channels run. 

The alternative method is to use each individual channel velocity profile for the 

parabolic fit to calculate a shear rate for each channel, and then take the average 

of these values to find the measured shear rate for a given channel/condition. 

This method can reduce error from the normal variation between points, but 

seems more vulnerable to especially aberrant points.  We can counter this issue 

by taking the profile along a sufficient number of points across the channel height, 

and we thus use approximately ten points in the constriction. Additionally, we can 

remove outlier points that don’t fit with the rest of the curve. Table 2.2 shows the 

comparison between these two methods of calculating the shear rate. The shear 

rate estimate from the parabolic fit on the average velocity profile, and the 

calculated shear rate values referenced throughout this text, is referred to as the 

experimental shear rate (Exper. SR). The shear rate estimate by taking the shear 

rate from a parabolic fit for each individual channel, and then averaging these 

shear rates, is referred to in the last column of the table as the experimental shear 

rate, channel average (Exper. SR Ch Avg.). The difference between these two 

values is within a few hundred s-1, with the most pronounced difference for Con. 

D, which decreases from the calculated 5900 s-1 to 5500 s-1.  
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Based upon the results observed here, it is recommended for future 

studies to have a more stringent height requirement, if possible. Decreasing the 

accepted range may require a few additional wafers to be created, but a range of 

2-3 µm overall would reduce errors in the shear rate and velocity by half. It would 

also be recommended to measure wafers before critical experiments to make 

sure heights are maintained within the strict standards. Most of the experiments 

throughout this thesis used relatively new wafers and thus should not have this 

issue.  

The wall shear rates mentioned throughout this thesis were calculated 

using the velocity profile in the z direction; this was due for a few reasons, such 

as inaccuracies in near wall velocities. Furthermore, determining the position of 

particles from the side wall accurately is much more difficult compared to the z-

direction, as the bottom wall location could be determined with adhered beads, 

and the microscope stage subsequently moved to the desired z-position. An 

approximate location along the channel width (and step size across the width) 

can be determined based on the velocities of the beads, accurate to within ~2.5 

µm (based on the size of the interrogation windows). As the channel is 

rectangular and not square in cross-sectional shape, using the larger side (z-

direction or height) may underestimate the shear rates in the channels. Although, 

similar to the exposure times, there is a range of shear rates that the cells actually 

experience depending on their position within the channel. This was not an issue 

for the wider regions, where the wall shear rate in the z-direction is the desired 

wall shear rate affecting the rolling cells. We can create horizontal velocity 
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profiles, and use these to get an approximate wall shear rate in the y-direction 

(across the width). This helps provide a better idea of the possible shear rates 

present within the channel. When we do this for the 5900 s-1 (wall shear rate z-

direction), 310 msec (Con. D) channel, the wall shear rate from the parabolic fit 

of the velocity across the width of the constriction is indeed somewhat higher, at 

6700 s-1.  

 

Figure 2.9: Velocity profile across the width of the constriction for a Type D 
constricted microfluidic device. A parabolic fit of this velocity profile estimates the 
wall shear rate in the y-direction to be 6700 s-1, in contrast to the 5900 s-1 wall 
shear rate estimate in the z-direction.  

 

Higher shear rate adhesion studies: 8600 s-1  

The rolling/adhesion assays add some complications that aren’t present 

in other studies utilizing such high flow rates. In order to expose the cells to high 
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shear rates and directly study their adhesion in the same devices, there will be a 

large difference between the shear rates in each region of the device. For the 

second set of channels we wanted to increase this shear rate in the constricted 

region, while maintaining the same shear rate in the up/downstream regions, as 

these channels were also to be used for the study of neutrophil rolling. These 

constraints in the shear rates to be used in each section will therefore force the 

change in velocity to result from altering either the height or width of portions of 

the channel. While changing the height has a larger effect on the shear rate, it is 

much more difficult production wise to create different heights across a single 

wafer, as differences in the height come through the photolithography process. 

While changing the ratio in the width from the wide to constricted regions is a 

simple process, varying the height along the channel is not. In addition, focusing 

and lift effects in the channels cause an additional problem for the rolling 

experiments. We had to pattern the downstream protein drops further back than 

originally expected, which we later determined was a result of cells being lifted 

away from the bottom surface within the constriction72. It then took additional time 

for the cells to settle and interact with protein on the surface.  

A set of channels was designed to add a second shear rate with a similar 

exposure time range. The dimensions for these channels are shown in Table 2.3. 

In order to try and maintain the shear exposure flow profile between the two 

conditions as closely as possible, we use the same constricted region 

dimensions. Therefore, to achieve approximately twice the shear rate, we 

correspondingly double the flow rate in the channel. We thus have to adjust the 



76 
 

wider regions by about the same amount. This will lead to a 50:1 aspect ratio. 

And in conjunction with the long constricted lengths, these two factors make 

collapse a very serious issue. The strength (stiffness) of the PDMS leads to a 

lower barrier to relieving the pressure through collapse, as opposed to fluid being 

pulled through the device. So we end up with a large collapse in the PDMS in the 

downstream region, which then alters the flow rate throughout the channel. As 

shown in Figure 2.10, this leads to an increased velocity in this region of the 

channel, which renders these channels unusable for adhesion studies due to the 

large difference between the upstream and downstream regions. Or at least 

unusable without any modifications to the device.  

Table 2.3: Wider channels for neutrophil rolling with an increased 8600 s-1 
constricted shear rate. 

Channel 

Type 

Up/Downstream 

Width 

Constricted 

Region Width 

Constricted 

Region 

Length 

Exposure 

Time 

Straight H 3000 μm N/A N/A N/A 

Constriction I 3000 μm 45 μm 1.5 mm 30 msec 

Constriction J 3000 μm 45 μm 7.7 mm 120 msec 

Constriction K 3000 μm 45 μm 15.4 mm 240 msec 

Constriction L 3000 μm 45 μm 23.1 mm 350 msec 
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Deformation experiments: 

One serious issue for these studies is the potential collapse of the 

downstream region resulting from the high pressure drop across the channel. In 

fact, the very high aspect ratio even makes these channels prone to collapse in 

the upstream region. The application of the vacuum seal further exacerbates this 

issue. There are a few ways to measure height in a fluid filled channel. Certain 

fluorescent molecules such as fluorescein or rhodamine demonstrate variation in 

signal with height; at certain concentrations this effect can be linear122,148. 

However, we were able to directly measure the height in a simple manner, by 

using the µPIV setup in conjunction with small beads that were pulled through 

the channel. 0.5 µm beads would attach to both the top and bottom surfaces, and 

remained even after the application of high flow rates. When the 8600 s-1 

channels were run under flow, we saw significant collapse over time, up to 20 µm 

or more (about a third of the channel). µPIV measurements in a Con. L channel 

demonstrated that this led to a significant increase in the velocity, with estimated 

shear rates of 150 and 250 s-1 in the upstream and downstream areas, 

respectively.  
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Figure 2.10: PDMS Deformation. (A) Shows the deformation in the downstream 
region of Con. L (8600 s-1, 350 msec) for time of fluid flow (withdraw on syringe 
pump), while (B) shows the effect of deformation on the velocity as measured 
by µPIV 

 

To address the deformation, we decided to add support to the top wall of 

the device (the PDMS side). A sandwich of glass slides around the device was 

first tested. An additional support was plasma cleaned and sealed to the top of 

the device. This did not prevent collapse, so the glass was then embedded 

directly into the device, with a thin layer of PDMS underneath. Therefore the glass 

would be much closer to the top wall of the channel and ideally prevent 

deformation. A few other groups have placed a very thin layer of PDMS with a 

piece of glass on top; this layer is often difficult to remove, and the brittle silicon 

wafer mold can easily be broken137. These wafers are time consuming and 
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expensive to make, and a few recent studies have employed methods to try and 

circumvent this issue56,179. Several iterations of the method for embedding the 

device led to a positive result, with a drastic decrease in the deformation in the 

channels (Figure 2.12 A and B). A schematic of the device with embedded glass 

is shown in Figure 2.11. Briefly, a small layer of PDMS is first poured on the mold 

and degassed. Bubbles can form in this very short layer around the vacuum 

posts, so these are checked and removed as needed after ~10-20 min. The 

molds are then allowed to cure with the elbow piece in the oven for 30 min. The 

glass piece is then placed and poured with the second layer, so that it is directly 

embedded within the device, at the surface of the bottom cured layer. Glass 

coverslips (~0.17 mm) were insufficient in preventing collapse, but the thicker 

glass slides (1 mm) provided enough support to prevent deformation. By allowing 

this first layer to cure before adding the glass, we were able to have reproducible 

success in removing the stamps without breakage. This may be a result of a 

slightly thicker layer of PDMS in this region. A method such as spin coating of 

PDMS could be implemented to create a uniform, consistent height for future 

studies if desired. By barely filling this area we maintained a similar height 

between pours.  
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Figure 2.11: Schematic for the 90-8600 s-1 channels. Top panel shows a top 
down view of the design with the incorporated glass and elbow outlet piece. 
Bottom panel shows a side view. A biopsy punch is then used after this 
fabrication to create an inlet reservoir hole in the right side of the channel, and 
the channel is sealed to coverslips or Petri plates with the vacuum seal.  

 

As was mentioned above, these channels had significant deformation in 

the wide regions without any support. The incorporation of this glass greatly 

reduced the deformation occurring, by almost 50%. In shorter exposure time 

channels it was virtually eliminated, although there was still some deformation 

measured with the µPIV system for the longer constricted lengths, channels K 

and L (240 and 350 msec, respectively). Figure 2.12 shows the deformation and 

corresponding µPIV for these two channels. For the µPIV, channels were sealed 
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to a No. 1.5 coverslip, which is required for the low working distance of the 40x 

oil objective (0.3 mm). With glass slide support on top and the thin coverslip as 

the bottom substrate, deformations of about 5 and 7.5 µm were observed for 

constricted channels K and L, respectively. Deformations for some Con. L 

channels were just over 10 µm, even with glass support.  
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Figure 2.12: Deformation and µPIV measurements in 8600 s-1 channels with 
glass support, sealed to No. 1.5 coverslips. Panels A and B show deformation 
in the downstream regions for the time under flow (withdraw on syringe pump) 
for Con. K (240 msec) and L (350 msec), while panels C and D show the µPIV 
measurements for these two channels in the upstream and downstream 
regions.  
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At this point, we suspected that the remaining deformation with these 

longer channels could be flexion of the thin glass coverslip creating the bottom 

surface, since the top should be heavily reinforced. Unfortunately, the most 

accurate method we currently had validated at our disposal was the µPIV, which 

requires these thin coverslips for use with the 40x oil objective. Measuring 

velocities with a long working distance air objective proved sufficient for imaging 

throughout the channel, but the z position was not accurate, and with refraction 

the distance covered with each increment was about double that with the oil 

objective. To overcome this, we purchased slightly thicker coverslips to see if this 

would have any effect. Instead of the original No. 1.5 (0.16-0.19 mm), we used 

No. 2 coverslips (0.17-0.25 mm). These coverslips were slightly thicker (possible 

increases of 10-90 µm) than the No 1.5, so it made it difficult to measure the 

height all the way to the top of the channel. However, we could get close and 

make estimates in some. More importantly, we could measure the velocities 

through the majority of the channel, up through and past the center point. This 

allowed us to analyze the velocity profiles in all regions of the channels. 

Regardless of the height measurements, we can thus calculate shear rate 

estimates from our velocity fitting method. As was seen in Figure 2.10 and Figure 

2.12, for the No. 1.5 coverslips we were able to observe velocity differences 

between the upstream and downstream regions in channels with deformation. In 

Figure 2.12 (glass embedded, No 1.5 coverslips) we see a small but insignificant 

difference between up/downstream velocities in Con. K (240 msec, 15.4mm 

constriction length) with small amounts of collapse, and a noticeable difference 
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(especially at the center) for Con. L (350 msec, 23.1 mm constriction). In addition, 

deformation is indicated by a shift in the maximum velocity to the z=25 µm point, 

something we saw previously in the 5900 s-1 channels for the shorter (53 µm) 

channels. With the glass embedded and the No. 2 coverslips used for the bottom 

wall, we see no indication of deformation, and equivalent velocities in the 

upstream and downstream regions (Figure 2.13A). The difference in thickness 

between the No. 1.5 and No. 2 coverslips is small at approximately 30 µm, and 

even this small difference in thickness virtually eliminated the deformation 

occurring. The petri plates used for the rolling experiments are much thicker than 

either of the glass coverslips, at over 4-fold thicker than the No.2 coverslips. The 

deflection of the bottom surface depends on both the stiffness and thickness of 

the material. The deflection of the wall (change in height ∆h) for a rectangular 

microchannel can be provided by the following relation239:  

∆ℎ =  𝛼𝛼|𝑃𝑃|𝑤𝑤4

𝐸𝐸𝑡𝑡3
  Eq. (7) 

Where α is a constant related to the geometry, P is the applied pressure 

difference, w is the channel width, E is the Young’s modulus, and t is the wall 

thickness. The pressure driving force (vacuum, withdraw on the pump) and the 

geometry are assumed to be constant, as the PDMS stamp used does not 

change. Only the latter two variables will change when the bottom material of our 

channel is substituted. Glass has a higher Young’s modulus at around 63 

GPa16,286 compared to around 3.2 GPa162 for a polystyrene plastic plate. 

However, as mentioned, the plastic plate is around 4 times thicker than the No. 2 

coverslips used. Since the deflection of the wall is inversely proportional to t3, we 
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expect significantly less deflection/deformation in the plastic Petri plates used as 

compared to either of the glass coverslips. As we observed no evidence for 

deformation or increased velocities in the µPIV setup for the No. 2 coverslip, we 

thus do not expect any deformation when using the Petri plates.  

The shear rate was calculated to be 85 ± 11 and 87 ± 4 s-1 for the upstream 

and downstream respectively, while the parabolic fit on the theoretical velocity 

profile comes to 94 s-1. The shear rate in the upstream and downstream regions 

is thus similar to the expected value, all around 90 s-1, and a little lower than the 

125 s-1 found for the 1500 µm wide channels (A-E). Although as noted, the 

previous channels were shorter than expected. To fully characterize the channel, 

µPIV was also run for the constriction of this channel (Fig 2.13B); the shear rate 

was found to be 8600 s-1. Similar to the previous channels, the shear rate is 

comparable to, and slightly faster than, the expected shear rate at 8200 s-1. 

Adjusting the exposure times using the experimental µPIV velocities provides the 

values shown in Table 2.3. These values end up being 30, 120, 240, and 350 

msec for the channels used in this section, Con. I-L, respectively. Con. I (1.5 mm) 

is shorter than the previous constricted lengths (> 3.9 mm), while channels J-L 

(120-350 msec) are designed to maintain similar exposure times to channels B-

D (100-310 msec). Due to the decreased height and increased shear rate in 

Cons. B-D, the exposure times for Cons. I-L are slightly higher than their 

counterparts.  
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Figure 2.13: Velocity profiles for Constricted channel L, on No. 2 coverslips. 
Con. L has a constricted region (23.1 mm in length) that corresponds to an 
exposure time of 350 msec. (A) Shows velocities, parabolic fits (PF), and 
theoretical velocity for the upstream and downstream regions, while (B) shows 
the profiles for the constricted region.  



87 
 

Higher shear rates: ~100,000 s-1 

Up to this point in the chapter we have discussed the channels used for 

neutrophil rolling studies. The other aspect investigated in this thesis involves 

conditions for higher shear rates utilized to examine both platelet and neutrophil 

states and function. The neutrophil work will be examined in chapter 4, while the 

platelet studies can be found in the corresponding paper by Alsmadi et al10. While 

all of the shear rates throughout this study are greater than physiological levels, 

the second half of this thesis are an order of magnitude higher than the rolling 

studies, focusing on extremely high shear rates (>80,000 s-1). These shear rates 

are more reminiscent of the hot spots (small areas of significantly increased shear 

rates) around the rotors of VADs, and very severe stenosis. This section provides 

a more difficult case to achieve the desired shear rates due to the very high 

pressure drops encountered at these highly elevated flow rates.  

Based on preliminary results for these higher velocity channels, we added 

two additional constricted lengths that were significantly longer than those for the 

rolling assay (Cons. F and G, 38.6 and 46.3 mm, respectively). These were over 

three times longer than the channels previously discussed. Taking constriction D 

from the rolling section, at a flow rate corresponding to 2500-100,000 s-1, provides 

an exposure time of 15 msec. The new longer lengths, constrictions F and G, are 

50 and 60 msec for the same shear rate condition. The constriction, due to its low 

size and aspect ratio, is not expected to have significant deformations. However, 

pressure drops due to the long length and the high flow rates of these channels 

could cause a decrease in the velocity in the constriction, leading to decreased 
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wall shear rates. The much higher flow rates (25 times higher than for the rolling 

experiments) also make the wider regions prone to collapse or deformation. Initial 

experiments with these elevated conditions used the same “withdraw” on the 

syringe pump to create the pressure driving force. Under flow, we noticed that 

the volumes collected from the channels for downstream assays were lower than 

those of the corresponding straight channels. We thus switch the method of 

driving force for this section to “infuse” on the syringe pump, forcing the liquid 

through the channels. This maintains the flow rate through the channels, but there 

may now be the opposite effect, with bulging in the upstream region. We do in 

fact see this effect in the longer constricted channels, but without the high 

reduction in the flow rate observed in the withdraw case. Thus we see an 

appropriate flow rate for constriction D.  

Table 2.4: Channels for high shear studies with calculated shear rates and 
exposure times. Wall shear rates using the velocity profile in the z-direction 
(dv/dz) and corresponding average exposure time, as well as the wall shear 
rate from the velocity profile in the y-direction (dv/dy) are shown.  

Channel 

Type 

Wall Shear Rate 

(s-1) 

dv/dz 

Exposure Time 

(msec) 

Wall Shear Rate 

(s-1) 

dv/dy 

Straight A 2,400 N/A N/A 

Constriction D 98,000 16 120,000 

Constriction F 86,000 58 95,000 

Constriction G 80,000 73 90,000 
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µPIV was performed on the constricted regions of these channels following 

the same general method described in the previous sections. As these conditions 

were not used for adhesion based studies, only the constriction was examined in 

detail. In terms of the µPIV setup, the time delay between pulses for the laser, in 

the constricted region, is decreased from 6-10 to 0.4 µs. This is on the verge of 

the exposure time limit for the current PIV system. Velocities using these 

channels saw no virtually no decrease in velocity in Constriction D (Fig. 2.14 B 

and D) as compared to the theoretical. The amount of deformation that may be 

present in the upstream region is unknown, but the calculated shear rate value 

of 98,000 s-1 is very close to the expected 100,000 s-1. The straight channel at 

2400 s-1 was also very similar to the expected 2500 s-1 (Fig. 2.14C). We thus do 

not expect a large deformation to be occurring. Shear rates were calculated with 

the same parabolic fit profile as described previously. Constricted channels F and 

G though, have large deformations and corresponding drops in the fluid velocity. 

Shear rate estimates were found to be around 86,000 s-1 and 80,000 s-1, 

respectively. Correcting for the flow rates in this section we get average exposure 

time values of 16, 58, and 73 msec for Cons. D, F, and G, respectively. We can 

once again use the µPIV data to determine the exposure time as a function of the 

z-position, to evaluate the range of exposure times present, in comparison with 

the average exposure time. These values are shown in Figure 2.15 below.  
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Figure 2.14: µPIV for high shear conditions for Ch. 4 channels. Panels (A) and 
(B) show representative images of the velocity vectors from the µPIV and a 
velocity profile across the width of the constricted region for Con. D. Panels (C)-
(F) show the velocity profiles for the channels at the 125 µL/min flow condition. 
X symbols represent the experimental data. Solid curves show the theoretical 
profiles for the matching shear rates, i.e., 2400; 98,000; 86,000; and 80,000 s-1 
respectively. Figure adapted with permission10. 
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The wall shear rate can also be examined across the width of the channel, using 

the velocity profiles in the y-direction. The values for this wall shear rate estimate 

are shown in the last column of Table 2.4. This shear rate estimate was described 

in the earlier section for the lower shear (5900 s-1) channels, which showed an 

increase in the estimated shear rate to 6700 s-1 (Figure 2.9). For these higher 

shear rate channels (> 80,000 s-1), the wall shear rate estimate across the width 

is again higher than that calculated using the velocity profile in the z-direction. 

Some caution is needed in interpreting these results however, as there is the 

potential for additional artifacts in the creation of the velocity profiles. One of the 

largest issues, as discussed previously, is the location of the side walls. This wall 

position is much more difficult to estimate across the width, and even small 

variations in the position across the channel affect the parabolic fit estimate 

dramatically. As the velocity profile has a sharper, steeper curve with increased 

flow rates, deviations in position have a more pronounced effect on the velocity 

for a given position.  
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Figure 2.15: Exposure time as a function of z-position for the 80,000 - 100,000 
s-1 channels. Exposure times are presented as a function of the z-position, 
determined by the velocity at each position from the µPIV data, with y-position 
at the center of the channel. 16, 58, and 73 msec refer to Cons. D, F, and G.  

 

Corrected flow rates: long exposure constricted channels 

It is not too surprising that these extremely long channels contain high 

pressure drops and reduced velocities. Pressure drop is a significant concern in 

a variety of chemical engineering applications, and can occur through frictional 

losses along the length of a pipe or channel, among other factors (e.g., various 

fittings/connections). For microfluidic channels frictional losses are going to be 

one of the primary concerns, along with losses from sudden contractions and 

expansions. These frictional losses depend on a few factors, including but not 

limited to the cross sectional area, the length, and the viscosity, while the 

pressure drop is furthermore dependent upon the flow rate142,244. These losses 

can be thought of as the channel’s resistance to flow (R), such that the flow rate 

Q = ΔP / R29. We observed a decrease in velocity in the longest constricted 
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channels (> 58 msec), and since the cross-sectional area is kept consistent 

throughout the high shear studies (> 80,000 s-1), the main difference stems from 

the length of the constricted region. The pressure drop and channel resistance 

are both related to the length of this constricted region. An often used term in 

calculating pressure drop is the friction factor; the multiplication of this factor and 

the Reynold’s number (f*Re) is equal to some constant (C), for channels of non-

circular cross sections. This constant depends on the geometry of the channel142. 

The exact nature of the frictional pressure drop and values for the friction factor 

for microfluidic channels has endured some debate, as groups have observed 

inconsistencies and deviations from the classical theory (values at larger physical 

dimensions)158. Unfortunately, at this time models of the pressure drop for 

microfluidic systems such as those described in this thesis are limited, 

complicated by the interconnection of many of the factors such as the flow rate, 

velocity, and pressure drop, as well as variables such as PDMS deformation and 

varying geometries along the length of the channel286.  

The high pressure drops in these channels led to several design issues. 

In fact, these channels had to be moved to glass slides instead of coverslips to 

accommodate the extra length (and still barely fit). In addition, the pressure in the 

device was so large as to compromise the integrity of the seal around the plastic 

elbow pieces typically used in our lab. These elbow pieces are able to be placed 

directly into the PDMS and are a convenient way to have consistent outlet/inlet 

ports for the microfluidics. For the previous channels, these posed relatively little 

concern, and as we saw, the µPIV data was similar to the expected values. When 
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using constricted channel D (16 msec) for the high shear applications, epoxy was 

added around the elbow to protect the seal around this potential vulnerability. 

With shear channels F and G, failure of the channel was much more frequently 

occurring, with the most common location of vulnerability being this elbow piece. 

We had previously worked on a method to directly embed the silastic tubing into 

the devices, and thus incorporated that design element here. While fabrication 

subsequently takes longer, it allows for the inlet/outlet port (tubing) to be 

surrounded by the PDMS. The plastic elbow and PDMS is not as securely bound 

as PDMS around the tubing. We then reinforce this area with additional PDMS to 

form a thick layer around the tubing. This significantly increased the success rate 

of the channels.  

The simplest fix to adjust for the decrease in shear rate is to use existing 

channel designs with an increased flow rate. Based on estimates of the wall shear 

rates with the 125 µL/min conditions, we can estimate the necessary increase in 

flow rate to achieve the desired 100,000 s-1. Utilizing the decrease observed in 

the original channels, we examined the flow velocity with elevated flow rates in 

the range of 150-165 µL/min, with the possibility that even higher flow rates would 

be needed to compensate for the pressure loss. We first ran constricted channel 

G with an increased flow rate of 160 µL/min. Increasing the flow rate increased 

the shear rate, but not as much as expected, from 80,000 s-1 to 88,000 s-1 (Figure 

2.16). This was now similar to the value for Con. F at 125 µL/min. As we increased 

the flow rate we noticed that we had diminishing returns on the velocity increase. 

This is most likely a result of channel deformation, which results in an increased 
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pressure drop resulting from the elevated flow rate. Previous studies have 

demonstrated that deformation of the microfluidic channels results in a non-linear 

relationship between the deformation, the flow rate, and the pressure 

drop27,107,131. Incrementally increasing the flow rate we do not see the centerline 

velocity approach the theoretical 100,000 s-1 value until around 180-185 µL/min 

(data not shown). Unfortunately, at this flow rate we also very quickly run into 

failure within the channel. The high pressure compromised the integrity of the 

seal between the PDMS stamp and the glass slide, and led to leaks from the 

channel. With the 160 µL/min providing a second set of channels at an equivalent 

shear rate (~90,000 s-1); this condition was used as a supplement for some of the 

work to be seen in chapter 4. This can be useful in comparing the effect of 

exposure time. 

 

Figure 2.16: µPIV velocity profile for Constriction G at 160 µL/min, with 
corresponding theoretical profile at 88,000 s-1 
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Since Con. F has a shorter constriction (38.6 vs 46.3 mm) and higher 

starting shear rate (86,000 vs 80,000 s-1) than Con. G, it will have a lower 

pressure drop and resistance to flow, and it could be possible to achieve the 

desired 100,000 s-1 condition for future experiments. We tested several flow rates 

for the maximum velocity and found that a flow rate of around 165 µL/min seemed 

sufficient. Moving forward with this flow rate we set out to create the shear profile 

needed for the fitting used throughout this chapter. However, these channels run 

into similar issues as Con. G, and almost all failed around the 10 minute mark. 

While this prevents measuring points throughout the height of the channel to 

create the parabolic velocity profile, it does allow for measurement of the 

centerline velocity, and it is sufficient for actual blood/cell experiments. The shear 

rate will thus have to be approximated from the centerline velocity. And as has 

been shown by this point in the chapter, such as in Figure 2.14, the velocity curve 

from the analytical solution for a given shear rate matches up closely with the 

experimental velocity profile. We can thus do the reverse calculation, and utilize 

the centerline velocity to provide an approximation for the shear rate, without 

having the full velocity profile. So with that, normalizing the experimental velocity 

to that of the theoretical velocity, provides a shear rate estimate of 103,000 s-1 for 

the 60 µm tall channels. The exposure time with this shear rate will be very close 

to the originally calculated 50 msec, at about 49 msec. 

Double constriction channels: 

In chapters 3 and 4 we will observe a few significant effects on neutrophil 

state and function with a single (low exposure time) pass to high shear. The 
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clinical condition consists of repeated exposures, and thus one of the major 

follow-up areas to this study is the effect of cumulative exposures. This 

phenomena has been previously described for platelets, and repeated exposures 

were shown to have an effect on platelet activation state273,285. We examined this 

next step, of repeated exposures, with a preliminary double constriction channel 

based on the single pass exposure design. Con. D, at 16 msec, was chosen for 

the device to double. Design constraints limited the potential length so that a 

double 30 msec channel was difficult without other modifications, and we have 

not tested any results with exposure times in between 16 and 58 msec at this 

time. 

This double constriction channel was first characterized using the µPIV 

system at the starting 125 µL/min that provided the 98,000 s-1 shear rate for the 

single pass channel. With the second constriction we observed a drop in the 

velocity, with corresponding shear rates of 85,000 and 90,000 s-1 for the first and 

second constriction respectively. We then increased the flow rate, and found a 

centerline velocity approximately matching the expected theoretical value at 150 

µL/min.  Over half of each constriction was analyzed to create the z-velocity 

profile for both constrictions, as seen in Figure 2.17. At this flow rate, the 

observed velocity profiles match up closely to the theoretical velocity; surprisingly 

we again see a higher velocity in the second, downstream constriction. 

Constriction 1 matches up almost identically with the theoretical shear profile at 

100,000 s-1, while the second constriction was around 110,000s-1. It is currently 

unknown what causes this slight, potential discrepancy between the two 



98 
 

constricted regions. It could be a result of a slight deformation around and even 

in the first constriction, although no height difference was observed during the 

µPIV between the two constrictions. Previous studies have shown the decreasing 

pressure along the channel length leads to non-linear deformation along the 

length131. It will be interesting to observe this potential effect in the future with 

longer exposure times, or a third constriction.  

 

Figure 2.17: Double constriction µPIV for the 150 µL/min condition with 
experimental data (dotted lines), corresponding parabolic fits on these profiles 
(red and blue lines), and the theoretical velocity profile (solid black line).  

 

Recirculation zones: 

With high flow rates a potential concern, which has been demonstrated in 

other studies, is the existence of recirculation zones. While the Reynolds number 

remains low for all of the conditions used within this study (<100), the potential 
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for these zones occurs with a large sudden expansion. With the lower flow rates 

used for the rolling components of this study (<10,000 s-1 conditions), no such 

zones are observed. However, with the 80,000-100,000 s-1 conditions we noticed 

the presence of a recirculation zone with the µPIV (Fig. 2.18B). A previous study 

by Ha et al. studied the effect of increasing flow rates on the creation of 

recirculation zones, and the resulting platelet aggregation in the low shear 

regions created. They used a similar microfluidic design, although with different 

channel dimensions. In that study, using whole blood, they observed recirculation 

zones starting between a Reynold’s number (Re) of 5.4 and 6.7119. We saw 

evidence of a recirculation zone at a Re number of ~3 when flowing beads in 

buffer solution. The increased shear stress for the whole blood case decreases 

the Re to 0.8, and correspondingly the recirculation zone disappears. Figure 2.19 

shows a time lapse of whole blood being introduced to a channel filled with buffer 

solution, and the zone disappears within about 10 seconds. The difference in the 

Reynold’s number corresponding to the formation of a recirculation zone between 

our study and that of Ha most likely depends on the differences in the channel 

design. The expansion angle in our study is larger by 4°, and the ratio between 

the downstream width and the constricted region width is five times higher in our 

study (wider downstream region and a narrower constriction). We thus have a 

larger relative expansion (or a more severe degree of stenosis). They also use 

red blood cells as the tracer particle, while we use small 1 µm beads. The smaller 

particles may provide a more sensitive indication of the presence of a 

recirculation zone. For example, when we introduce 10 µm beads or isolated 
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neutrophils we do not notice the presence of a zone, as the particles exiting the 

constriction do not pass in that region close to the wall (Fig. 2.18D). The double 

constriction channel has the same recirculation zone effects as the single pass 

channel. Based on the profiles observed we thus do not suspect the cells to pass 

through such a recirculation zone in our later studies.  

 

Figure 2.18: Recirculation Zones in Buffer Solution. Panels (A) and (B) show 
µPIV data for a type D constricted channel. The constriction and wider region 
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velocities have to be measured with separate exposure time delays, and have 
been positioned overlapping. In each section arrow length corresponds to 
velocity magnitude, but cannot be compared between the two images for each 
section, as the constricted velocities are much higher. The bottom panels show 
bead flow paths for beads exiting the double constriction channel with (C) 
consisting of the 1 µm beads, while the large streaks in (D) show the 10 µm 
beads. Beads are traveling faster than the camera capture, and thus appear as 
streaks.  

 

 

Figure 2.19: Flow profile in whole blood at the post-constriction region for Con. 
D. Conditions correspond to an exposure of 98,000 s-1 for 16 msec. The 
recirculation zone disappears quickly with the introduction of whole blood. 
Images are taken from a video sequence and the white arrow represents the 
approximate thickness of the cell free layer. Image reprinted with permission10.  

 

Conclusions: 

In this chapter we outlined the design and characterization of a versatile 

set of microfluidic devices to study the effects of short exposures to high shear 
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on blood cells. The channel design is highly adaptable and can be easily altered 

to create different shear rate and exposure time regimes. It can also be used with 

a variety of cell types and downstream assays, and the incorporation of the 

vacuum design allows for use with protein patterning and adhesion assays10,176. 

Additional constrictions can expand the study to examine the compound effect of 

sequential exposures.  

We used a µPIV system to characterize the fluid velocity profiles in all of 

the designs to be used throughout this study. The shear rate was subsequently 

estimated from a second order polynomial fit on these profiles. For the majority 

of the conditions tested, the experimental velocity profiles aligned closely with the 

expected theoretical velocities from the analytical solution. For the lower shear 

conditions (<10,000 s-1) the shear rate was a little higher than originally predicted. 

Significant deviations due to an increased pressure drop were observed with the 

highest flow rates and longest constricted lengths, leading to significant 

decreases in the velocity and shear rates for these channels. Using the µPIV 

system we were able to determine the increase in flow rate needed to adjust the 

shear rates to be used for later studies.  

In addition to the µPIV characterization, we also introduced a simple 

method to support and reinforce the PDMS for higher shear applications. We 

demonstrated that the incorporation of glass near the top wall of the device 

prevented collapse, and maintained a constant shear rate upstream and 

downstream of the constriction. This allows for the study of higher pathological 

shear rates for adhesion studies with leukocytes. 
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Chapter 3: Effects of Transient Exposure to High Shear on 

Neutrophil Rolling Behavior 

Major portions of this chapter were reproduced in part with permission from: 

Lewis, C.S., N.Z. Alsmadi, T.A. Snyder, and D.W. Schmidtke. Effects of Transient 
Exposure to High Shear on Neutrophil Rolling Behavior. Cell. Mol. Bioeng. 
Springer US, 11:279–290, 2018. Springer Nature, copyright 2018 

 

Introduction:  

Neutrophils are one of the most important cell contributors to the immune 

response, due to their role as first responders of the innate immune system. This 

role requires a diverse range of function and behavior including rolling, migration, 

phagocytosis, secretion of activating molecules for the recruitment of other 

leukocytes and platelets, apoptosis, and extracellular trap formation38,203. In 

addition, neutrophils have been implicated to play a role in a number of health 

complications such as cancer100,246 and thrombosis145,317. Since neutrophils 

reside within the bloodstream, they are naturally exposed to a wide array of shear 

conditions, at both arterial and venous levels. On the venous side, it is well known 

that wall shear rates, which normally range from approximately 10-1,000 s-1, 

modulate neutrophil rolling via selectins9,17,95,149,163,171. Furthermore, there have 

been reports that fluid shear can affect other neutrophil behavior such as the 

activation state or receptor levels102,104,214,215,278. 

Most studies of neutrophil behavior in response to shear have focused on 

physiological shear stresses in the range of 50-2,000 s-1. However, neutrophils 

and other blood cells can be introduced to a wide variety of higher shear rates 
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stemming from both physiological and non-physiological origins. Shear rates can 

range up to approximately 2,000 s-1 in the arterial system, with pathophysiological 

shear rates starting around 3,000-10,000 s-1 in atherosclerotic vessels and 

stenosis, with severe stenosis (above 90% blockage) potentially increasing 

beyond this point159,238,295. In addition to these pathophysiologic sources, a 

variety of devices can introduce blood cells to increased shear rates. Ventricular 

assist devices are one such example, with high shear rates present primarily 

around the rotors of the pumps. Maximum shear rates in these devices vary 

depending on the type of device and flow path of the cell, but can reach as high 

as 100,000 s-1. The exposure time for such shear rates ranges from 

approximately 1-15 milliseconds288. Average shear exposures in certain types of 

VADs can be encountered over several hundred milliseconds at relatively lower 

shear rates around 3,000 s-1 98. Other devices, such as hemodialysis machines 

designed to filter blood, also create new points of high shear in the approximately 

2,000 s-1 range, as well as possible atherosclerotic vulnerable regions291. Many 

of these devices, despite their clinical utility, have seen a variety of complications 

encountered throughout the device lifetime, including high infection rates, 

bleeding rates, thrombosis, hemolysis, and several other symptoms112,279,291. 

Infection has been reported in 20-60% of VAD patients, with sepsis as the leading 

cause of death. While this is generally attributed to biomaterial interaction with 

tissue, the persistence of infections throughout the device lifetime suggests that 

this viewpoint may be incomplete. In addition, some studies have indicated that 
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approximately 40% of these infections are not directly related to the device 

itself112.  

Recent studies have revealed that shear not only affects rolling but other 

neutrophil functions and receptor levels as well. Fluid shear can affect cell shape 

and pseudopod retraction62,103,104,193,217,278, cell stiffness63,217, receptor integrin 

levels4,102,339, and cell activation276,278. More recent studies have elucidated the 

ability of neutrophils to sense and react to shear through various surface 

receptors. Notably, Mitchell et al.214,215 have examined the effect of venous shear 

rates (10-400 s-1 for 1-120 min) on various receptors related to neutrophil 

activation and sensing. Surprisingly, the n-formylmethionine-leucyl-

phenylalanine (fMLP) receptor decreased in expression level following shear 

exposure214, while shear exposure caused the platelet activating factor (PAF) 

receptor level to increase215. Similarly, other studies have reported a change in 

receptor expression levels, such as a decrease in CD18 levels due to cleavage 

following prolonged exposure to shear102.  

Few studies have examined the effect on leukocyte behavior of high shear 

rates above 3,000 s-1 present in pathological conditions and in some blood-

contacting biomedical devices such as VADs and hemodialysis. Almost all of the 

leukocyte studies that have examined the exposure time have been on the scale 

of minutes to hours, rather than a clinically relevant, millisecond exposure time  

encountered in vivo62,102,104,214. Since 2003, there has been only one study 

examining the effects of millisecond exposure to high shear rates on leukocyte 

function. In the study by Carter et al.46, whole blood was perfused through 
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capillary flow chambers of various lengths and diameters to produce shear rates 

of 3,700 – 34,000 s-1 and exposure times of 90 and 125 msec. They observed 

that exposure of whole blood to a shear rate of ~3700 s-1 for 90 or 125 msec was 

sufficient to reduce the phagocytic ability of leukocytes.  

The traditional method to expose leukocytes to high shear is with the cone 

and plate viscometer, due to the fact that it applies a uniform shear magnitude to 

all of the cells in a sample. Although studies employing the cone and plate 

viscometer have led to an abundance of information on the effects of shear on 

neutrophil biology, the startup times for these devices limit their use in studies 

that involve transient (< 1 sec) high shear exposure. In addition, they do not mimic 

the flow geometry that neutrophils experience during interactions with the vessel 

wall or allow for rolling behavior to be studied.  

The aim of this study was to develop a microfluidic assay that could mimic 

the transient, high shear exposure environments that are relevant to pathological 

conditions present in stenosis and blood-contacting medical devices. We 

describe the fabrication of a series of microfluidic channels that have constricted 

regions of varying length. The microfluidic devices were designed to (i) utilize 

small sample amounts (<200 µl), (ii) allow for precise control over fluid shear 

rates and high shear exposure times, and (iii) allow for real-time optical 

microscopy imaging. By perfusing suspensions of isolated neutrophils over P-

selectin coated Petri dishes through constricted microfluidic devices, we were 

able to detect changes in neutrophil rolling velocities over P-selectin coated 

regions following transient exposure to high shear conditions. We demonstrated 



107 
 

that the changes in rolling velocity were related to the duration of the high shear 

exposure.  
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Methods:  

Proteins and reagents.   

FITC tagged mouse-anti-PSGL-1 mAb PL1 was purchased from MBL 

(Woburn, MA), while unlabeled PL1 was purchased from Ancell (Bayport, MN). 

P-selectin purified from human platelet membranes and 2-glycosulfopeptide 

(GSP-6) were kindly provided by Dr. Rodger McEver (Oklahoma Medical 

Research Foundation). Recombinant P-selectin was purchased from R&D 

systems (Minneapolis, MN). Phorbol 12-myristate acetate (PMA) was purchased 

from Sigma Aldrich (St Louis, MO). 

Neutrophil collection and isolation from whole blood 

Blood was collected via venipuncture into heparin coated vacutainers from 

healthy adult volunteers after informed consent was acquired, according to a 

process approved by the Institutional Review Board (IRB). Neutrophils were 

isolated from whole blood using Poly-lympholyte solution (Cedarlane, Burlington, 

NC) according to the manufacturer’s instructions. Five milliliters of whole blood 

was slowly layered upon an equal volume of the lympholyte solution and spun for 

35 minutes at 500xg. The granulocyte layer was carefully removed and washed 

in an equal volume of 0.4% (w/w) sodium chloride (NaCl), followed by Hanks 

balanced salt solution (HBSS, Lonza BioWhittaker, Allendale, NJ) without 

calcium and magnesium. Cells were centrifuged at room temperature at 450xg 

for 15 minutes. Residual erythrocytes were then lysed with a hypotonic salt 

solution: 0.2% NaCl followed by an equal volume of 1.6% NaCl. After 
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centrifugation for 10 minutes, the isolated neutrophils were washed three times 

with 0.5% human serum albumin (HSA; Octapharma, Hoboken, NJ) in HBSS 

without calcium and magnesium. Washes were done for 5 minutes each. All spin 

steps were done at room temperature at 450xg unless otherwise noted. Cells 

were then resuspended at 4x105 cells/mL in 0.5% HSA in HBSS with calcium and 

magnesium. 

Design, fabrication, and assembly of the microfluidic shearing device  

To assess the effect of short exposure to high shear on neutrophil 

behavior, microfluidic chambers were designed to create two low shear regions 

flanking a high shear constriction, as described in chapter 2 (Figure 2.2). The two 

wider regions flanking the high shear constriction provide low shear regions that 

allow one to measure the effects of shear exposure on cell rolling velocity. 

Straight microfluidic channels with a constant width were also fabricated and 

served as a control by providing a baseline rolling velocity. Microfluidic devices 

were prepared from poly-dimethyl siloxane (PDMS; Dow Corning, Midland, MI) 

in a 10:1 ratio as previously described59,275. Briefly, the master mold was 

fabricated through a standard negative photolithography technique using KMPR 

1050 photoresist (MicroChem, Westborough, MA). PDMS was poured over the 

photoresist mold and degassed for one hour. Elbow outlet ports (Value Plastics, 

Fort Collins, CO) were then placed at one end, and wafers placed in an oven at 

80°C for at least 1 hour to cure.  

In order to fabricate the wider channels designed for higher shear rates 

(100-8,600 s-1), while avoiding deflection issues, glass was embedded in the top 
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PDMS layer. Thick plastic Petri plates were used for the bottom surface of the 

assembled device. These devices were therefore created in a similar fashion to 

the lower shear channels, but required a two-step PDMS pouring process. First, 

a thin layer of PDMS was poured over the photoresist mold; this layer was just 

enough to cover the entire surface. The PDMS was degassed and then placed in 

an oven with the elbow outlet port for 30 minutes. Glass strips cut from 

microscope slides (VWR, Radnor, PA), wider than the channel, were placed to 

span across the width of the device. The glass pieces went from the elbow to the 

front reservoir, leaving a small amount of room on either end. Additional PDMS 

was then poured on top of the solidified layer, to the final PDMS device height. 

See Figure 2.11 for a schematic of the device with embedded glass. 

Glass coverslips (No. 1.5), when used as a bottom substrate, were first 

acid cleaned. Slides were rinsed three times with water and then placed in a 28% 

nitric acid solution for one hour. Slides were then rinsed an additional three times 

in water, followed by a 5 minute incubation in water before being placed in a 

vacuum oven to dry for 2-3 hours. Nitric acid cleaned slides were then coated 

with an Aquasil solution (ThermoFisher Scientific, Waltham, MA). Slides were 

dipped in a 1% Aquasil solution for 15 seconds, and then removed and rinsed 

three times in water. Slides were then dried for 30 minutes in a vacuum oven.  

To assemble the device, 15 µl drops of P-selectin (Ps) were deposited on 

plastic Petri dishes or glass coverslips and incubated in a humidified 

environment. Incubation conditions are listed in Table 3.1 below. Two types of P-

selectin were used: membrane and recombinant (mPs and rPs respectively). 
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Previous experiments in our lab (unpublished) suggested that 3 hours at room 

temperature (RT) and overnight (O/N) at 4°C provide relatively similar site 

densities of P-selectin adsorption. P-selectin drop concentrations were optimized 

to ensure that rolling velocities for all three conditions were similar. In this study, 

we observed that less protein was required when the concentration was saturated 

overnight on Petri dishes, while a much higher concentration was needed for the 

recombinant P-selectin. After incubation, the P-selectin was rinsed with HBSS, 

and the Petri dishes were incubated with a 0.5% HSA solution to prevent non-

specific binding.  

Table 3.1: Protein incubations for channels used for neutrophil rolling. Two 
different surfaces were used to create the bottom surface of the microfluidic 
devices. In addition, two types of P-selectin and incubation conditions were 
used. Membrane P-selectin (mPs) and recombinant P-selectin (rPs) were used.  

Bottom 

Substrate 

Channels Con. Shear 

Rate (s-1) 

Protein Conc. Incubation 

Glass coverslip A-E 4700 mPs 1 µg/mL 3 hours RT 

Plastic Petri dish A-E 5900 mPs 0.75 µg/mL O/N 4°C 

Plastic Petri dish H-L 8600 rPs 4 µg/mL O/N 4°C 

 

After 30 minutes of blocking, the HSA solution was carefully removed and 

replaced with HBSS until use in the rolling assay. Next, the HBSS solution was 

removed from the Petri dish, and the PDMS microfluidic channel was carefully 

positioned on the Petri dish (via alignment marks built into the PDMS structure) 

so that the wide upstream and downstream regions on the channel were placed 
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over the P-selectin coated regions. The PDMS stamps were sealed to the plastic 

Petri dishes using a vacuum seal (Figure 3.1).  Channels were charged and 

blocked with the 0.5% HSA solution for 10 minutes prior to cell rolling 

experiments. Channels sealed to glass coverslips were prepared in an almost 

identical manner. However, to seal the PDMS channels to the glass coverslips, 

stamps were placed in a plasma cleaner at high RF for 1 minute and then placed 

over the protein drops. Channels were charged with HSA and allowed to incubate 

for 30 minutes, and were then charged with HBSS until use.  

 

Figure 3.1: Overview of the microfluidic device assembly and neutrophil rolling 
assay. Drops of P-selectin are deposited on a plastic Petri dish and incubated 
at the conditions listed in Table 3.1. The Petri dish is then washed with buffer 
(HBSS) and blocked with human serum albumin (HSA). The constricted 
microfluidic device is carefully placed on the Petri dish so that the low shear 
upstream and downstream regions are positioned over the P-selectin coated 
regions. The microfluidic device is reversibly bonded to the Petri dish by 
applying a vacuum, placed on an inverted microscope stage, and filled with 
buffer containing HSA to prevent nonspecific adhesion to the channel ceiling 
and walls. A suspension of isolated neutrophils is then perfused through the 
device and images of rolling neutrophils are recorded. 

 

Neutrophil and bead rolling assays 

Isolated neutrophils were perfused through the microfluidic devices at 

4x105 cells/mL. The channels were perfused with buffer for two minutes to 
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stabilize the flow prior to the introduction of the cells. Cells were imaged using a 

Zeiss AxioObserver equipped with a 10X phase contrast objective (0.25NA) and 

a digital camera (Orcaflash 4.0; Hamamatsu, Bridgewater, NJ) set at 30 frames 

per second. At least 30 cells were tracked in both the upstream and downstream 

region for each channel and shear condition, and instantaneous velocities were 

measured over a five second interval. Instantaneous velocities were determined 

using the particle tracking function in ImagePro Premier. The average of the 

instantaneous velocities was then determined and the average taken over the 30 

cells. The instantaneous velocities were also used to determine the variance. To 

calculate the variance, the square of the difference between the instantaneous 

velocity and the average instantaneous velocity was averaged over the five 

second interval for each cell. Averages over the 30 cells were then taken for each 

channel. Channels using neutrophils from at least five different donors were 

collected for each condition.  

Microspheres bearing 2-glycosulfopeptide (GSP-6), which is a 

glycosulfopeptide modeled after the P-selectin binding region of PSGL-1, were 

prepared as described previously329. Briefly, 10 µm polystyrene beads 

(Polysciences, Warrington, PA) were washed three times with HBSS to remove 

the surfactant in the storage buffer. The beads were then coated overnight with 

end-over-end rotation in 1% neutravidin in HBSS. Beads were blocked for 30 

minutes with rotation in a 1% HSA solution in HBSS before being incubated with 

biotinylated GSP-6 for 3.5 hours on ice, with vortexing every 30 minutes. The 

beads were then washed 3 times with HBSS. GSP-6 concentration on the bead 
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surface was measured via flow cytometry using a FITC conjugated mAb PL-1. 

Samples were analyzed on a BD AccuriTM C6 flow cytometer (Franklin Lakes, 

NJ). 

Analysis of PSGL-1 levels 

In order to collect sufficient sample volume for flow cytometric analysis, a 

second set of channels was designed and fabricated with cross-sectional 

dimensions (height = 120 µm, width = 90 µm) that were two times larger than the 

original channels. These larger channels exposed the cells to the same wall 

shear rate, but at a flow rate (40 µl /min) that was 8 times larger, which provided 

enough neutrophil sample volume (200 µl) for flow cytometric analysis.  These 

experiments were performed in a similar manner to the rolling experiments. First, 

buffer was perfused through the channels for two minutes to stabilize the flow 

before the addition of cells. Cells were then perfused through the channels and 

collected for five minutes. In control experiments, suspensions of unsheared, 

isolated neutrophils were incubated for 10 minutes at 37°C in buffer 

(unstimulated) or with 10 nM phorbol 12-myristate acetate (PMA) (stimulated). It 

has been reported that exposure to PMA reduces surface expression of PSGL-1 

on neutrophils68,106. Cells were then spun down at 500xg for 5 min and labeled 

with PL-1 on ice for 30 minutes. Cells were washed with 1 mL of 0.5% HSA in 

HBSS, then resuspended in anti-mouse 488 secondary antibody for 30 minutes 

on ice. Cells were washed again with 1 mL of 0.5% HSA in HBSS, then 

resuspended in this same solution for flow cytometric analysis.  
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Statistical analysis 

All velocity values are reported as the mean ± standard error of the mean. 

Statistical significance of rolling velocities and variances were assessed using 

paired student t-tests with P < 0.05 considered significant. PSGL-1 levels were 

analyzed via ANOVA with a Sidak post hoc test and compared to the unsheared 

sample, with P < 0.05 considered significant.   
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Results and Discussion: 

Effect of transient high shear exposure on neutrophil rolling 

To investigate the effect of transient high shear exposure on neutrophil 

rolling behavior, isolated neutrophils were perfused through the microfluidic 

devices and allowed to roll on P-selectin coated regions upstream and 

downstream of the constriction at a wall shear rate of 125 s-1. Cells were exposed 

to high shear rates, in the constricted regions, of 4,700 and 5,900 s-1. These shear 

rates correspond to the values for constricted channels B-E sealed to the glass 

coverslip and the plastic Petri plate, respectively. Differences in the estimated 

shear rate in the constriction is due to the height of the channels. In chapter 2 we 

showed that the height was a significant factor in determining the shear rate in 

the constricted region.  

Isolated neutrophils rolling on P-selectin coated regions were tracked for 

five seconds, and the instantaneous rolling velocities were measured for each 

cell. Figure 3.2 shows representative plots of a frame-by-frame analysis of the 

fluctuations in the rolling velocities of neutrophils rolling on P-selectin upstream 

(Fig. 3.2A) and downstream (Fig. 3.2B) of a constricted region having a high 

shear exposure time of 310 msec at 5,900 s-1. Neutrophil rolling on the P-selectin 

coated region upstream of the constriction displayed a relatively constant rolling 

velocity with a limited number of large velocity spikes (> 15 µm/sec) and a 

substantial number of pauses. In contrast, at the P-selectin coated region 

downstream of the constriction, neutrophil rolling was faster and characterized by 

a more variable rolling behavior, which consisted of a large number of velocity 
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spikes and only a handful of pauses. Figure 3.2C shows a cumulative histogram 

of the rolling velocities measured at the upstream and downstream P-selectin 

coated regions. As indicated by a shift to the right, the mean rolling velocity of 

neutrophils rolling after high shear exposure (i.e., downstream region) was faster 

than neutrophil rolling prior to high shear exposure (i.e., upstream region). 

Instantaneous velocities had a similar behavior between plastic and glass 

substrates (data not shown).  
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Figure 3.2: Effect of high shear (5900 s-1) on the instantaneous rolling 
properties of neutrophils. Instantaneous velocities of representative neutrophils 
rolling on P-selectin in the (A) upstream and (B) downstream regions of a Type 
D constricted microfluidic channel. The dotted line in each plot represents the 
average rolling velocity. Upstream and downstream shear rate =125 s-1, high 
shear exposure time = 310 msec. (C) Cumulative histogram and average rolling 
velocities for the individual cells shown in (A) and (B). 
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To probe whether this observation, that transient high shear exposure 

caused neutrophils to roll faster, was dependent upon the exposure time, we 

perfused neutrophils through a complementary set of microfluidic channels with 

varying lengths (3.9 – 15.0 mm) of the constricted region, and we measured 

neutrophil rolling velocities upstream and downstream of the constriction.  The 

lengths of these constricted regions are comparable to the lengths reported for 

coronary lesions (12.49 ± 7.52 mm)135 and to the stenosis lengths (> 15 mm) 

used as a criteria for defining diffuse coronary artery disease (CAD)299. 

We began our investigation into the effect of exposure time on neutrophil 

rolling velocity with a constricted region exposure of 4,700 s-1. Upstream and 

downstream regions were coated with mPs. Since these channels were the first 

set to be run, a one sided plasma cleaning method was used to seal the channels 

to glass coverslips, which creates a temporary seal. These channels were 

measured to be 58 µm tall. Based on our observations during the µPIV 

experiments in chapter 2, this height corresponded with a shear rate of 4,700 s-

1. The estimated exposure times were then adjusted accordingly for these 

channels. Figure 3.3 shows the mean rolling velocities of neutrophils rolling on 

mPs coated regions upstream and downstream of the constricted region. The 

resultant high shear exposure times in our microfluidic devices ranged from 5 to 

440 msec. As a control, we also perfused neutrophils through straight channel 

microfluidics. When neutrophils were exposed to a constant low shear rate (125 

s-1) in microfluidics with a straight channel geometry, we observed no statistical 

difference between the upstream and downstream rolling velocities. Exposure of 
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neutrophils to 4,700 s-1 for 340 and 440 msec led to rolling velocity increases of 

1.6 and 1.8 fold, respectively. A minimal 1.1 fold increase was observed in the 

230 msec channel, with no differences observed in the 5, 10, and 110 msec 

channels.  

 

Figure 3.3: Neutrophil rolling on glass cover slips. Average rolling velocities of 
neutrophils rolling on mP-selectin at upstream and downstream locations in a 
straight channel (0 msec high shear exposure) and six constricted microfluidic 
channels are shown. Channels 110-440 represent Con. B-E as described in 
chapter 2. Two other constricted channels with short exposure times were 
included at 5 and 10 msec for this portion of the study. High shear rate 
exposure = 4,700 s-1. Bars represent the standard error of the mean. N = 4-9 
donors per condition.  

 

To further examine the effect of high shear on neutrophil rolling velocity, 

the equivalent study was next completed on a second bottom substrate surface: 

plastic Petri plates. We wanted to examine the effect of high shear on neutrophil 

rolling on both glass and plastic surfaces, two commonly used substrates for 

neutrophil rolling studies. The channels on the plastic substrate were sealed with 
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a built in vacuum feature, to provide a more consistent seal (schematic Fig. 2.3). 

As was described in the corresponding µPIV section in chapter 2, the heights of 

these channels was found to be lower, at approximately 53 µm. Consequently, 

the shear rate was increased in these channels, with a constricted region value 

of 5,900 s-1. While there were a few differences between the two substrates, the 

overall results remained the same between those on plastic with those shown in 

Figure 3.3 on glass. Figure 3.4A shows the mean rolling velocities of neutrophils 

rolling on mP-selectin coated regions upstream and downstream of the 

constriction. In this section we added another analysis component; the variance 

in velocity is shown in Fig 3.4B. Exposure of neutrophils to high shear (5900 s-1) 

for 100 or 210 msec showed small increases (1.2 fold and 1.3 fold) in their 

downstream rolling velocity; however, these increases were not statistically 

significant (P > 0.05). Increasing the high shear exposure time to 310 msec led 

to a 1.5 fold increase in the rolling velocity while an exposure time of 390 msec 

resulted in a 1.4 fold increase. Analysis of the variances of the upstream and 

downstream rolling velocities (Fig. 3.4B) showed a similar, significant increase in 

the downstream region compared to the upstream region for exposure times of 

310 and 390 msec. The variance results suggest that the degree of rolling 

irregularity increased with exposure time. In other words, that the increases in 

rolling velocity observed are heavily influenced by the high instantaneous velocity 

spikes, rather than the velocity uniformly increasing. Taken together the velocity 

and variance results suggest that transient exposure to high shear causes 

neutrophils to roll faster and less uniformly. 
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Figure 3.4: Neutrophil rolling on plastic Petri plates. (A) Average rolling 
velocities and (B) average velocity variances of neutrophils rolling on mP-
selectin at upstream and downstream locations in a straight channel and four 
constricted microfluidic channels (Con. B-E). High shear rate = 5,900 s-1. Bars 
represent standard error of the mean. N = 6-12 donors per condition.  

 

The critical exposure time required to observe a statistically significant 

increase in the rolling velocity in the downstream region was similar for rolling on 
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plastic and glass, at exposure times of 310 and 340 msec (constricted channel D 

in both cases). Rolling behavior was likewise comparable between the two 

substrates, with increases in the magnitude and frequency of elevated velocity 

spikes in the downstream regions of Con. D and E. Although the general results 

are the same, there are a couple of differences between these two parts of the 

rolling study. By examining Figures 3.3 and 3.4, we notice that there is less 

variation in the upstream velocities on the plastic substrate, suggesting that the 

plastic Petri plate provides more consistent rolling than that on the glass. We see 

the starkest contrast in the velocities of Con. B (100-100 msec) between the two 

substrates. This variation has a couple potential sources and was a factor in 

transitioning to the plastic Petri plates with an overnight incubation. For example, 

the glass coverslips are coated with a silicanized surface to assist with the 

uniformity of the protein coating; coating conditions are kept constant between 

batches of slides, but this remains a potential source of variation. The plastic 

dishes from the manufacturer require no additional treatment for uniform protein 

binding. For the channels on both substrates, there is no significant difference in 

the upstream velocities for the constricted channels with the upstream and 

downstream velocities of the straight channel (Str. A). We can thus conclude that 

the rolling velocities between the two substrates are similar.  

Effect of shear rate magnitude and the critical exposure time 

To expand the study, a second set of channels were designed in order to 

approximately double the shear rate magnitude. This allowed us to investigate 

the combined effect of shear rate and exposure time, as well as introduce a higher 
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pathological shear. In order to preserve the shear rate profile as accurately as 

possible between the sets of channels, the same constriction dimensions were 

used (45 x 60 µm). Doubling the flow rate from 5 to 10 µL/min therefore allowed 

us to increase the shear rate in the constriction, up to 8600 s-1. Since neutrophil 

rolling, especially in vitro, resides in a limited range, we needed to preserve the 

shear rate used. The wider regions were correspondingly increased by a factor 

of two in width, to 3000 µm wide. The resulting shear rate in the upstream and 

downstream regions was a little lower for this set of channels, at 90 s-1. A detailed 

description of the design for these channels, H-L, and µPIV characterization was 

examined and found in chapter 2, and dimensions can be found in Table 2.3. A 

previous study from our lab displayed a difference in neutrophil rolling behavior 

and velocity with channel height59, thus we wanted to maintain height consistently 

throughout the channels used (at h = 60 µm). Taken together, this channel design 

allowed us to examine neutrophil rolling while maintaining similar exposure times, 

but with a higher shear rate exposure.  

Previous studies, although with platelets primarily, have examined a 

cumulative effect of shear rate magnitude and exposure time273. They showed 

that it was a combination of these two factors that could affect the degree of 

activation. We expected to find a similar trend for neutrophils after shear 

exposure. The expectation was that doubling the shear rate magnitude would 

lower the critical exposure time required to see an alteration in the neutrophil 

rolling velocity, and thus the exposure time required for dysfunction in a portion 

of the adhesion cascade.  
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Isolated neutrophils were perfused through the 100-8,600 s-1 set of 

channels (Str. H – Con. L) and, similar to the lower shear conditions (4,700 and 

5,900 s-1 using channels Str. A – Con. E), an increase in rolling velocity was 

observed in a subset of the channels. We observed a significant increase in the 

downstream velocities following exposures of 240 and 350 msec, in constrictions 

K and L respectively. These exposure time values are nearly identical to the 

exposure times for Cons. C (230 msec) and D (340 msec) on the glass substrate 

at ~4700 s-1. The increase in the downstream to upstream rolling velocity ratios 

were around 1.5 and 1.6 respectively. The 120 msec channel (Con. J) again had 

a 1.2 fold increase.  

 

Figure 3.5: Effect of increasing shear rate (8,600 s-1) on critical high shear 
exposure time for neutrophil rolling on plastic Petri plates. Average rolling 
velocities of neutrophils rolling on rP-selectin at upstream and downstream 
locations in a straight channel (0 msec high shear exposure) and four 
constricted microfluidic channels are shown. Channels (H-L). Bars represent 
the standard error of the mean. N = 4-5 donors per condition. 
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These results give us some indication that the physiologically relevant 

lengths found in severe stenoses could cause an impact in neutrophil adhesion 

behavior. Increasing the shear rate leads to a decrease in the critical exposure 

time, as the increased rolling velocity occurred after a shorter exposure time, as 

low as 240 msec at 8600 s-1, rather than the 340 msec exposure needed at lower 

shear (4700 s-1). This suggests (as expected) that both factors play a role in 

affecting the neutrophil’s state and function. Increasing the shear rate by less 

than double decreased this critical exposure time by 100 msec, almost half. 

However, some caution in extrapolating these results is required. At this time we 

only have two shear rates to compare and we do not know the shape of the curve 

for the relation between shear rate and the critical exposure time. In addition, our 

shear rate exposure time range is broken into segments, and so we do not know 

the exact threshold time for each case more accurately than the approximately 

100 msec intervals. However, based on these results we can expect increasing 

shear rates to decrease the critical exposure time, even if the slope of this 

relationship decreases or plateaus with higher shear rates. As mentioned, these 

lengths are representative of in vivo arterial stenoses, and the shear rates 

represent typical stenosis values. As discussed in the introduction chapter, 

severe stenoses could have significantly elevated shear rates an order of 

magnitude higher. If the critical exposure time continues to scale inversely with 

the shear rate, the results could be concerning for patients with cardiovascular 

disorders. On top of this fact, these results show an alteration with just a single 

pass to high shear, let alone the repetitive effect that could occur with additional 
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exposures. Both of these effects are extremely important and relevant to patients, 

and warrant further examination.  

Effect of transient high shear exposure on PSGL-1 levels  

One potential explanation for the increased neutrophil rolling velocities 

observed is that exposure to high shear may induce shedding or redistribution of 

PSGL-1, the native ligand on neutrophils for P-selectin. In support of this 

suggestion are the reports that fluid shear can activate and induce the cleavage 

of other neutrophil receptors such as CD184,52,102,276,339 and the formyl peptide 

receptor (FPR)214. Likewise, activation of neutrophils can lead to shedding and/or 

redistribution of PSGL-143,68, as well as L-selectin144. It should be noted, however, 

that there are no reports that PSGL-1 is shed due to high shear exposure.  

To examine the possible role of PSGL-1 shedding as the mechanism 

inducing faster rolling velocities in the downstream region of the devices, PSGL-

1 levels were examined via flow cytometry. The antibody used, PL-1, recognizes 

an epitope in the binding region of PSGL-1 and is function blocking for PSGL-1 

interaction with P-selectin. The channels used for the rolling experiments were 

designed to utilize very small sample volumes, < 50 µL. As such, the flow rate on 

these channels was insufficient to collect enough cells for flow cytometric 

analysis. To circumvent this issue, a second set of channels was designed in 

which the cross-sectional dimensions of the channels were doubled (i.e., 

constricted region height x width dimensions = 120 µm x 90 µm). By keeping the 

channel height to width ratio constant, we were able to generate a similar shear 

rate profile but with an eight-fold increase in the flow rate, which allowed for 
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enough cells to be collected for flow cytometry within a few minutes. Figure 3.6 

shows that there was no difference in the PSGL-1 levels for unsheared 

neutrophils, neutrophils perfused through a straight channel at a constant low 

shear rate (125 s-1), and through a high shear (5900 s-1) constricted microfluidic 

channel with a 310 msec exposure time. As a positive control, we also performed 

flow cytometric analysis of PSGL-1 levels on neutrophils exposed to PMA, which 

has been shown to reduce PSGL-1 levels68,106. Similar to these previous studies, 

we also detected a significant drop (~50%) in PSGL-1 levels upon exposure to 

PMA. These results suggest that PSGL-1 shedding was not the cause for the 

increased rolling velocities following shear.  
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Figure 3.6: Effect of transient high shear exposure on surface levels of PSGL-1. 
Flow cytometry on isolated neutrophils from effluents from microfluidic 
channels. (A) Shows a representative histogram for the PSGL-1 signal for each 
sample. Control listed is a negative, secondary antibody only control. No 
difference is observed between the distributions in PSGL-1 for the unsheared 
(Un), straight (St), and 310 msec channels. (B) Shows averages of the mean 
fluorescent intensity ± standard error of the mean and is representative of five 
independent experiments with different donors. Statistical significance of the 
differences between the samples and the unsheared sample was measured 
using ANOVA with a Sidak post hoc test (*P < 0.05). N = 6.  
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Effect of transient high shear exposure on GSP-6 coated bead rolling 

A second possible explanation for the increase in rolling velocities 

downstream of the constriction is that, despite the agreement between the 

upstream and downstream µPIV measurements, there may be small differences 

in the upstream and downstream shear rates. To test this possibility, we 

performed a complementary set of experiments in which we perfused GSP-6 

coated polystyrene microspheres through the 310 msec constricted channels 

(Con. D) at 5,900 s-1 and examined their rolling behavior. Frame-by-frame 

analysis of the rolling microspheres showed that they exhibited an irregular 

velocity profile at both the upstream (Fig. 3.7A) and downstream (Fig. 3.7B) P-

selectin coated regions. Analysis of the upstream and downstream cumulative 

velocity profiles (Fig. 3.7C) showed no shift, suggesting no difference in the rolling 

velocities following high shear exposure. These observations were statistically 

confirmed by comparing the mean rolling velocities (Fig. 3.7D) and velocity 

variances (Fig. 3.7E) for a total of 60 beads rolling on the upstream and 

downstream P-selectin coated regions. Since the rolling velocity of GSP-6 coated 

beads are more sensitive to changes in shear rate253,329, these results provide 

strong evidence that the rolling velocity changes observed with neutrophils were 

not due to differences in the upstream and downstream shear rates.  
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Figure 3.7: Rolling properties of GSP-6 coated beads upstream and 
downstream of the constricted region. Instantaneous velocities of GSP-6 coated 
polystyrene beads (D = 10 µm) rolling on P-selectin in the (A) upstream and (B) 
downstream regions of a Type C constricted microfluidic channel. The dotted 
line in each plot represents the average rolling velocity. Upstream and 
downstream shear rate = 125 s-1, high shear exposure time = 310 msec, high 
shear rate = 5,900 s-1. (C) Cumulative histogram and average rolling velocities 
for the individual cells shown in (A) and (B). (D) Average rolling velocities or (E) 
average velocity variances of GSP-6 beads rolling on P-selectin at upstream 
and downstream locations. The velocities in panel (D) and variance in panel (E) 
are average rolling velocities for at least 60 beads. Bars represent the standard 
error of the mean. 
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Conclusions:  

In this section, we demonstrate an increase in the rolling velocity after 

short exposures to high shear. We hypothesized that this increase would be a 

factor of both the shear rate, as well as the exposure time. Two sets of data were 

examined for the first set of rolling conditions investigated. Membrane P-selectin 

used in both cases was adsorbed with static drops over time, while the exact time 

and concentration varied between and along with the bottom substrate (glass or 

plastic) used. The overall result was similar between the two sets of channels. In 

both cases the rolling velocity increases began at an exposure time greater than 

310 msec (Con. D), with significant increases in the downstream velocity in this 

as well as the higher exposure time channel (Con. E). No significant difference in 

downstream velocities was observed for the two channels above the critical 

exposure time in either case. Any velocity differences observed between these 

two exposure times and channels (D and E) for the two cases is likely just from 

the natural variation in rolling velocities, which can have a large range even for 

normal cells in a straight channel. It is also possible that the rolling velocity 

appears to plateau because the in vitro P-selectin concentration is insufficient to 

support adhesion and rolling from what would be faster rolling cells that had more 

activation as a result of the shear exposure. Higher ligand densities of P-selectin 

would be required to examine if longer exposure times would continue to increase 

neutrophil rolling velocities in the downstream regions. The second set of data 

demonstrated the effect of shear rate on this critical exposure time. The critical 
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exposure time decreased by 100 msec for the 8,600 s-1 channels, with increased 

downstream velocities observed by the 240 msec exposure channel.   

At this time, the exact cause of the increase in rolling velocity following 

transient high shear exposure is unknown. One possible explanation is that high 

shear exposure causes the neutrophil’s cytoskeleton to rearrange and stiffen. 

Previous studies using fixed cells and PSGL-1 coated beads have demonstrated 

that the elastic nature of microvilli242 and cell deformation251,329 are important 

regulators of neutrophil rolling velocity. As cells lose the ability to deform, the 

contact area available for selectin binding is reduced, which leads to faster and 

more unstable rolling velocities. In support of this explanation are reports that 

adherent leukocytes will retract pseudopods and become stiff upon shear 

exposure63,193. It is also possible that PSGL-1 redistribution causes the more 

irregular rolling observed. We believe that cell stiffening is the most likely 

explanation; however, this explanation is tentative and currently under 

investigation in our lab. 

The importance of our findings is underscored by the fact that leukocyte 

rolling velocity determines the amount of time that leukocytes are in direct contact 

with the blood vessel wall to integrate multiple signals (e.g., chemokines, integrin 

ligands) that direct their infiltration into tissue and innate immune function. For 

example, using a mouse model of TNF-α-induced inflammation, Ley and 

coworkers demonstrated that slow leukocyte rolling (i.e., long rolling times) was 

necessary for efficient leukocyte recruitment143,164. Our observation that transient 

exposure to high shear causes neutrophils to roll faster is surprising and would 
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suggest that leukocyte transit time and recruitment would be reduced. Reduced 

leukocyte recruitment would contribute to a defect in fighting infection and wound 

healing. At this time, information on the effects of transient exposure to high shear 

present in both pathological conditions and blood-contacting medical devices is 

sparse. Thus, assays that can detect instantaneous changes in leukocyte 

behavior, such as rolling velocity, are important for studying leukocyte biology 

and improving medical device performance. 
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Chapter 4:  Altered Neutrophil State and Function Following 

Short Exposures to High Shear 

 

Introduction: 

The first process in the neutrophil lifetime is generally the emigration from 

the bloodstream to the sites of infection and inflammation177. In chapter 3, we 

discussed the first step consisting of leukocyte binding to selectins, P- and E-

selectin; this interaction allows for the initial capture and slowing of the free 

flowing cells. In addition, it also primes the neutrophil via inside-out signaling 

mechanisms. These intracellular signals lead to changes in the conformations of 

integrins such as LFA-1 and MAC-1 for subsequent slowing and arrest167,175,292. 

Upon complementary activation from stimuli (e.g., chemokines), the cells can be 

further activated, resulting in processes including the opening of integrin 

headpieces to expose the high affinity binding site, the up-regulation of additional 

integrins (MAC-1) to the cell surface, and L-selectin shedding, among 

others1,37,129,151. These types of events are critical for proper emigration of the 

leukocytes into sites of inflammation. They thus also serve as useful markers for 

neutrophil activation. There have been observations of these processes being 

affected by shear exposure, or more accurately, that shear exposure can reduce 

or amplify the neutrophil’s response to various stimuli214,215. These receptors play 

an important role in signaling proper activation of the cell upon stimuli such as 

chemokines and bacterial peptides, as well as downstream in some processes 

such as phagocytosis.  
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At sites of infection, activated neutrophils perform antimicrobial activity and 

cell-cell signaling for recruitment and activation. A large arsenal of granules 

imparts neutrophils with this diverse functionality. Neutrophil activation is not an 

all or nothing process. It is thought to progress in distinct stages marked by the 

release of different granule subsets and/or changes in cell surface receptors. 

Contents vary from cell surface receptors, to chemokines, to peroxidases42,65. As 

such, they are essential in all stages of neutrophil pathogen response. As a result 

of this extensive specialization, granules also provide valuable markers for the 

different stages of activation. The most easily released granules, the secretory 

vesicles, are released rapidly and from low levels of activating agents. This can 

even include the priming from PSGL-1 interacting with P- or E- selectin. Thus, 

secretory vesicle release usually occurs at the beginning of the adhesion 

cascade90. The rapid up-regulation of receptors increases the neutrophil’s 

interaction with inflammatory signals on the endothelium. The next two 

intermediate granules, tertiary and secondary, are released during the later 

stages of migration. Tertiary granules contain a variety of gelatinases to 

breakdown the extracellular matrix154. Secondary granules contain large pools of 

surface receptors, such as Mac-1 (CD11b/CD18), that are essential for proper 

migration37,65,92. As discussed in the introduction, Mac-1 is important for the firm 

adhesion and migration through the endothelial wall, but also for many 

downstream functions after migration to inflammatory sites. Primary granules are 

the last to be released and due to their potent and hazardous contents, can cause 

significant damage. They are thus typically released either into the phagosome, 
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or at the site of infection. They contain antimicrobial agents such as the 

peroxidase MPO, and other proteases such as elastase and cathepsin.  

To study neutrophil state and downstream function after transient high 

shear, we utilized microfluidic devices capable of producing very high shear 

(80,000-100,000 s-1), with exposure times of 16-73 msec. We examined different 

markers of neutrophil activation, such as L-selectin shedding, conformational 

state shifts of CD11b, CD11b up-regulation, primary and secondary granule 

release, and changes in f-actin levels, following exposures to shear. Post-shear 

analysis uses a simple device with a fast, reliable, common, and easy method 

(flow cytometry) for the majority of the data collection.  
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Methods: 

Antibodies and reagents: 

CD11b FITC antibody clone cbrm1/5 and anti-MPO FITC were purchased 

from Biolegend. CD11b PE (phycoerythrin) ICRF44 was purchased from Ancell. 

Anti-oncostatin M (OSM) was purchased from R&D systems. Anti-CD66b APC 

(allophycocyanin) was purchased from Ebioscience. Phalloidin Oregon Green 

was purchased from Molecular Probes. Mouse anti-human 488 secondary 

antibody was purchased from Life Technologies. Paraformaldehyde (PFA) (16% 

solution) was purchased from Electron Microscopy Sciences. PharmLyse buffer 

was purchased from BD. The phagocytosis kit (pHrodo Green E. Coli 

BioParticles) was purchased from Molecular Probes. DAPI (4’6-diamidino-2-

phenylindole) containing mounting media (vectashield) was purchased from 

Vector Labs. Human serum albumin was purchased from Octapharma. PMA, 

fMLP, and lipopolysaccharide (LPS) were purchased from Sigma Aldrich. 

Blood collection: 

Human blood was collected via venipuncture into sodium heparin coated 

vacutainers from healthy volunteers following informed consent, as approved by 

the IRB. The initial 3 mL of blood was collected into a separate tube and 

discarded to avoid activation effects from the draw. All whole blood experiments 

were run within an hour of the blood draw. Isolated neutrophils were run within 4 

hours from the time of the draw.  
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Neutrophil isolation: 

Whole blood was layered upon a poly-lympholyte gradient solution and 

spun for 30 minutes at 600xg. The neutrophil layer was then collected and 

washed with 0.4% NaCl in ultrapure water, followed by an equal volume of HBSS 

without Ca/Mg. Cells are then spun at 450xg for 15 minutes. Liquid is removed 

and the tube is gently tapped to loosen the cell pellet from the wall of the conical 

tube. Residual red blood cells were hypotonically lysed with salt solutions, which 

consists of 0.2% NaCl followed by an equal volume of 1.6% NaCl. The cells were 

then spun again for 10 minutes. The resulting neutrophils were then washed three 

times with HBSS with 0.5% HSA without calcium and magnesium. The cells were 

then resuspended in 0.5% HSA in HBSS with Ca/Mg and allowed to sit for 30 

minutes before exposure to shear conditions in the channels.  

Microfluidic chamber fabrication:  

PDMS channels were made as previously described, with a 1:10 ratio of 

curing to base agent176. Silicon wafer molds were created through a standard 

negative photolithography process275. Device preparation was discussed in 

chapter 2, and a detailed description of the photolithography process can be 

found in Appendix B. Channels were sealed permanently to glass cover slips (No. 

1.5, Fisher) and slides (75x25x1 mm, VWR) via plasma bonding in a PDC-32G 

plasma cleaner (Harrick), by exposing them to air plasma for 1 minute on the high 

setting (18 W) and sealing the pieces together immediately. Channels were 

allowed to sit for several days (>2) before use to allow for hydrophobic recovery 

and to improve the seal35,169. Epoxy was applied around the connecting piece 
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junction to support the seal for the channels (in Straight A and Con. D, 16 msec). 

Higher exposure time channels (Con. E and F, > 58 msec) had the silastic tubing 

placed directly into the PDMS of the device without the elbow piece and sealed 

with an additional layer of PDMS around the tubing to fortify the seal. The 58 

msec and higher exposure time devices were sealed to glass slides as opposed 

to cover slips due to the extended length of the constricted region and for extra 

support from the high pressures exerted. PDMS devices were connected to 

syringes via a Luer connector.  

Microfluidic device perfusion: 

Channels were initially charged with 0.5% HSA in HBSS and allowed to 

incubate with the HSA for at least 30 minutes prior to the addition of whole blood 

or cells, to block non-specific adhesion from occurring. Blood or isolated 

neutrophils were perfused through channels at 125-160 µL/min. Channels were 

run for 200 µL prior to any collection of effluent. 100-200 µL of blood was collected 

for each condition and experiment.  

Surface receptor staining: 

For surface receptor staining, a small aliquot of antibody solution was 

directly added to the whole blood effluent and allowed to incubate for 30 minutes 

at room temperature, covered from light. BD RBC Lysis buffer was then added, 

mixed, and allowed to sit for 15 minutes at room temperature, covered from light. 

Solutions then appear clear but red in color after lysis. Cells were spun down (5 

min at 500xg) and then washed with HSA buffer and resuspended for flow 
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cytometric analysis. Isolated cells collected from the shear devices were first 

spun down and an antibody mix was added and allowed to stain on ice for 30 

minutes. Cells were then washed with HSA buffer and resuspended for flow 

cytometric analysis. 10,000 events were collected for all flow cytometry 

experiments. As a positive control, cells were incubated with 0.5 nM fMLP for 15 

min at 37°C while channels were prepped and run. Samples were then stained 

in parallel with the channels. All flow cytometry data presented throughout this 

chapter are normalized to the unsheared sample for each donor.  

Intracellular granule staining: 

For the study of intracellular granules, a flow cytometry kit for human MPO 

was purchased from Biolegend (San Diego, CA). Briefly, neutrophils were 

collected from the channels and mixed with 1 mL of Fixation buffer for 20 min in 

the dark at room temperature (RT). Samples were then centrifuged and washed 

three times in Intracellular Staining Perm Wash Buffer. The fixed and 

permeabilized neutrophils were then resuspended in 50-100 µL of residual 

Staining Buffer. 20 µL of the FITC-conjugated MPO antibody was added to the 

cells and incubated for 30 minutes at RT, protected from light. At this step other 

antibodies were added depending on the granule components analyzed. For 

OSM and lactoferrin, a primary antibody was added and incubated during this 30 

minute step. For cells stained for multiple granules, an antibody mix in staining 

buffer was added to the cells. After antibody incubation, the neutrophils were 

washed twice with Staining and Wash buffer. If necessary, a secondary antibody 

was added and incubated for 30 min and then washed. Cells were finally 
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resuspended in HSA buffer for flow cytometric analysis. 10,000 events for each 

condition were collected.  

Actin staining: 

For intracellular f-actin staining, whole blood effluent was immediately 

fixed by addition of cold 4% PFA in HBSS (final concentration 1%) for 10 minutes 

after collection from the devices. Samples were spun and washed twice (5 min 

at 500xg) with HBSS before proceeding. Whole blood samples were then lysed 

using the red blood cell lysis buffer for 15 minutes at room temperature, covered 

from light. Cells were washed with HSA in HBSS and then permeabilized with 

0.1% Triton X-100 for 3 minutes on ice. Cold HSA buffer was then added to dilute 

the Triton X-100, cells were spun and washed a second time. Prior to staining, 

cells were incubated with 0.5% HSA for 30 minutes to reduce non-specific 

binding. Phalloidin (binds f-actin) Oregon Green was then added and allowed to 

sit for 1 hour at RT, 1:50 dilution (6 units/mL). Cells were then washed twice and 

resuspended for flow cytometric analysis (10,000 events). For the positive 

control, cells were incubated with fMLP at 37°C for 1 min and immediately fixed 

with PFA.  

Confocal imaging analysis: 

A portion of the neutrophils for the actin and granule experiments were 

plated for confocal imaging following the fixing and staining protocol as described 

above. After staining, cells were diluted at a high concentration and plated on 

lysine coated coverslips. Coverslips were incubated with lysine at 37°C for an 



143 
 

hour, and rinsed 3 times with HBSS before cell addition. Cells were incubated on 

the plates at 37°C for at least an hour before mounting. Cell solution was removed 

and the coverslips were allowed to sit for 2 min to remove excess liquid. A 1 µL 

drop of DAPI (stains DNA) containing mounting media was placed on a larger 

coverslip, and the cell containing coverslip was placed face down. Mounted 

coverslips were kept at 4°C in the dark until imaging.  

Phagocytosis assay: 

For the phagocytosis assay whole blood was run through the microfluidic 

channels. Neutrophils were collected and evaluated for phagocytic function in 

accordance with the manufacturer’s protocol for the pHrodo phagocytosis kit. 

Briefly, the whole blood effluent was incubated with the bacterial particles for 15 

minutes at 37°C. 100 µL of lysis buffer was added to each tube and incubated at 

RT for 5 min. 1 mL of Buffer B was then added to each tube and incubated for an 

additional 5 min at RT. Samples were centrifuged and washed in Wash Buffer 

and resuspended for flow cytometric analysis. The bacterial particles contain a 

pH sensitive dye that only fluoresces at the low pH present in the phagosome. 

Therefore, only ingested particles are detected. For the controls, cells incubated 

with particles on ice for the 15 minute period were used as recommended by the 

manufacturer. The cold temperature severely impairs phagocytosis.  

Statistical analysis: 

Statistical analysis for flow cytometric results was assessed using a one 

way ANOVA with a Dunnet’s multiple comparison test, with P < 0.05 considered 
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statistically significant. Comparisons and normalization were done to the 

unsheared sample. Results are presented as mean fluorescent intensity ± SEM.  
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Results and Discussion: 

Surface receptors: selectins and integrins 

The surface receptors Mac-1 and L-selectin are some of the most 

commonly used markers for neutrophil activation. Integrins such as Mac-1 can 

adopt extended and open/active conformations upon stimulation, while L-selectin 

is rapidly cleaved and shed as a result of both chemical stimulation and 

mechanical forces during rolling88,89,151,174,268,313. Thus, we investigated whether 

exposure of neutrophils to high shear caused changes in the surface expression 

levels of these receptors.  

Isolated neutrophils were exposed to conditions of high shear rate 

(80,000-100,000 s-1) for a range of exposure times (16-73 msec). As a control, 

neutrophils were also perfused through a straight channel at 2400 s-1. As a 

positive control of neutrophil activation fMLP was used; both CD11b up-regulation 

and L-selectin shedding have been shown to be very sensitive to fMLP30,313. With 

a single exposure to these high shear rates we observed a significant increase in 

the CD11b activation with the longer exposure times of 58, 67, and 73 msec (Fig. 

4.1A). The change in CD11b activation was measured using the antibody clone 

cbrm1/5, which recognizes the high affinity binding site of CD11b74. As expected, 

the fMLP control sample had over a two-fold increase in the CD11b activated 

form78, with a majority of the L-selectin shed. No L-selectin shedding was 

observed under any of the shear conditions tested (Fig. 4.1B).  
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One possibility for the increase in the activated form of CD11b is an 

increase in the total levels of CD11b on the cell surface, resulting from granule 

exocytosis and the release of receptors to the membrane. If the approximate 

percentage of receptors in an activated state remains the same across the cell 

surface, then an increase in the total CD11b levels would cause an apparent 

increase in the activated form. Therefore, the use of an antibody directed against 

total CD11b levels was examined; this antibody recognizes an epitope in the base 

of the integrin accessible in both the closed and extended forms. The same shear 

rates were examined as for the activated form of CD11b, and no differences were 

observed as compared to the unsheared samples (Fig. 4.1C). The fMLP control 

again resulted in an increase in the CD11b levels as expected313, this time with 

an almost 3-fold increase in the total CD11b levels. This suggests the increase 

observed in the activated form for the shear channels are a result of 

conformational shifts, not an overall increase in total CD11b surface expression.   
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Figure 4.1: CD11b and L-selectin surface expression levels. Panels correspond 
to the normalized mean fluorescent intensity for (A) CD11b activated form, (B) 
L-selectin total levels, and (C) CD11b total levels. Colors correspond to the 
shear rates in the channels with gray for 2,400 s-1, gold for 100,000 s-1, red for 
90,000 s-1, and blue for 80,000 s-1.  Exposure times are listed for each channel. 
Channels correspond (from left to right on top figure starting with Str) to Str. A, 
Con. D, Con. F, and Con. G (stripes). Unsheared and fMLP control samples are 
shown in white and black respectively. Data shown is mean fluorescent 
intensity ± standard error of the mean. Asterisks represent significance of 
p<0.05 as measured by Dunnet’s post hoc ANOVA multiple comparisons test, 
comparison to the unsheared sample. N = 3-8 donors per shear rate condition.  
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At initial glance the results from the CD11b active form and the L-selectin 

may appear to be slightly conflicting. From previous literature on chemical 

activators, we would expect to see changes in both of the receptors and for the 

L-selectin to be the most sensitive to activation. In both cases the fMLP positive 

control acted as expected, causing an increase in both the active and overall 

CD11b levels, as well as a significant amount of L-selectin shedding. However, 

for the shear samples the CD11b had an increase in the active state 

conformation, while the overall levels of both molecules remained unchanged. 

The most likely explanation is that it is not a common “activation” pathway (e.g., 

GPCR based signaling) that is causing the observed CD11b increase. This result 

alone indicates more of a priming event, such as that seen with neutrophil rolling 

on P- or E-selectin, as PSGL-1 engagement can also lead to a shift in 

conformational states of CD11a and CD11b167. A potential avenue for this 

observed conformational shift could be through mechanotransduction, as 

CD11b/CD18 has been shown previously to respond to shear stress276. It is also 

possible that another mechanosensor is causing an inside-out signal to drive the 

conformational shift, such as the formyl peptide receptor (FPR)194. However, very 

little is currently known about this aspect of CD11b/CD18 functionality, and the 

mechanosensing of neutrophil receptors. The lack of both increases in CD11b 

total surface expression levels and L-selectin shedding are consistent, in that L-

selectin shedding generally accompanies secretory vesicle release37. We see no 

evidence of either at this time.  
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We next examined the involvement of the shear history of the cells. The 

idea for this has been demonstrated by other groups using neutrophils with longer 

exposure times and lower shear rates, as well as for platelets215,273,285. Platelets 

have been shown to have a shear history, i.e., that cumulative shear rates 

encountered influence the total activation of the cell273. This so-called “stress 

accumulation”, a combination of the exposure times and shear rate magnitudes, 

could be a potential factor in the state of the cell. However, few studies have 

combined this approach with the very low exposure times present in VADs and 

stenosis. For neutrophils, previous shear sensing studies have been limited to 

much lower shear rate magnitudes, and to investigating how shear affects the 

later response of the cell to stimuli214,215. Previous work with various chemical 

activators (e.g., TNFα, LPS, fMLP, GCSF) has shown that neutrophils can adopt 

a primed state after certain activating events, which will cause a rapid and greater 

response upon a second stimulation with either higher concentrations or a 

different stimulus altogether. It is therefore possible that shear stress can act in a 

similar manner, as a priming or activating event.  

We hypothesized that multiple exposures would increase the effect of 

shear on the neutrophil, even with extremely low exposure times. For the single 

pass exposures to high shear, we saw an increasing trend with exposure time in 

the levels of the CD11b activated form. Although not significant, the 16 msec 

channel did have a small increase in signal, at a value of approximately half that 

of the 58 msec channel. We thus added an additional channel with two 

constrictions at the 16 msec, 100,000s-1 shear exposure, to investigate the 
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potential role of cumulative shear exposures, and to see if this small increase 

would be amplified upon a subsequent exposure. As shown in Figure 4.2, this 

double exposure proved insufficient to cause any changes in the CD11b levels. 

However, further examination will be required into the role of repeated exposures. 

At this time, only a few different exposure time and shear rate combinations have 

been investigated. Further analysis remains to examine where the threshold lies 

for various shear rates, as well as the cumulative effect of sequential exposures 

on this critical exposure time. At this point we do not know if the double 16 msec 

constriction channel is insufficient in causing activation solely because the total 

exposure time of 30 msec is too short, or if 16 msec exposures, even in 

combination, are inadequate to elicit a response. To evaluate the critical 

exposure time, additional constricted channels will need to be created and 

examined between the 16 and 58 msec time points utilized here. As was 

discussed previously in chapter 2, when the channel was introduced, redesigns 

will be needed to examine some of these conditions, at least for the multi-pass 

channels. The minimum exposure time to elicit a response in this study was the 

58 msec channel, and the total channel length required for a channel such as a 

double 30 msec was too long for the current investigation. As such, we were 

unable to include a double 30 msec channel without additional design 

modifications.  

The absence of degranulation following shear exposure, as evident by a 

lack of change in total receptor levels of CD11b, does not contradict previous 

literature. In fact, studies with physiological shear rates have observed a 
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decrease in CD18 levels. Shear was implicated in the results from those previous 

studies, to cause conformational shifts and subsequent cleavage of Mac-1 by 

cathepsin B4,101,276,339. However, this appears to be a physiological process 

designed to reduce unwanted activation, as well as assist with cell migration. This 

is evident by a recent study that displayed a decreased transmigration following 

extravasation in the absence of cathepsin B222. This process can be overridden 

by other chemical signals, so that CD18 levels are maintained at sites of 

inflammation104. With higher shear rate conditions, the lone evidence supporting 

potential degranulation had a considerably longer exposure time of 10 minutes71. 

The absence of L-selectin shedding is somewhat surprising given the CD11b 

activated form increase, but to the author’s knowledge there is currently no 

evidence of shear based L-selectin shedding, outside of mechanical forces during 

rolling174. Although shear may also affect L-selectin distribution173. However, the 

apparent conformational shift in CD11b is a new and intriguing result that will 

require further analysis.  

A previous student in our group examined CD11b following high shear 

exposures, and saw increases in the activated form of CD11b at 15 msec for 

100,000 s-1. He also showed an increase with a few other shear rate magnitudes 

and exposure times in the 60,000-100,000 s-1 range, using constricted channel 

D. In the current study, we do not see any evidence of activation at this 16 msec, 

100,000 s-1 condition, and only see activation at >58 msec. There are a few 

potential explanations for the differing results between these two studies. The 

first, is in the driving force applied to create fluid flow. In the previous study, a 
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syringe pump was used on the withdraw feature. With the high pressure across 

the constriction in the device, we were concerned that a lower velocity would 

occur, leading to a decreased apparent shear rate. Volumes collected from the 

devices run in this manner were reduced compared to the straight channel 

controls. Thus, it is likely that the shear rates in the channels were lower than 

expected in the previous study. Consequently, the exposure times would have 

been increased as a result of the reduced flow rate. In the current study, we 

switched to infuse on the syringe pump, to reduce the potential for a decreased 

flow rate. As described in chapter 2, with long enough constrictions the apparent 

flow rate does decrease, but we observed no decrease for Con. D. Similarly, the 

volume output between Con. D and Str. A were identical in the current study. The 

second factor is the potential for pre-stimulation from LPS. During later rolling 

experiments an odd behavior was observed: a significant percentage of the cells 

were adhering rather than rolling on the P-selectin surfaces. The HSA stock being 

used at the time was discovered to have some LPS (endotoxin) present, which is 

a potent neutrophil stimulator. However, the exact LPS content in the HSA from 

the previous study is unknown. The experiments used throughout this thesis 

utilize a grade of HSA that is endotoxin free. If small contaminating amounts were 

present in the previous study, the cells may have been primed prior to the shear 

exposure. The subsequent shear exposure could then potentially increase the 

activation state of the cell. While stimulation after shear exposure has been 

examined214,215, the reverse has not. It is currently unknown whether prior 
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stimulation of neutrophils causes a response from a high shear rate exposure. 

This would be an interesting avenue for future studies.  

 
Figure 4.2: Double constriction channel. Surface receptors were investigated 
with the double constricted channel with (A) CD11b activated form, (B) L-
selectin, and (C) CD11b total levels, in isolated cells. Gold bars represent Con. 
D (single channel) and a double constriction with two constrictions with lengths 
equal to that of Con. D (stripes, DC16). Data represents normalized MFI ± SEM 
for N = 6 donors. 

 

 



154 
 

Intracellular granules: 

Granules are a highly diverse and essential component of the neutrophil’s 

defense. They are also useful markers for neutrophil activation because they 

contain specialized, distinct contents and are released at different times and in 

response to various stimuli. Common ways to measure granule release are with 

flow cytometry for fusion of granules with the cell membrane (with contents 

designed to be released to the surface) and ELISA to measure contents released 

into the extracellular space. Traditional methods to examine intracellular content 

using ELISA and western blots are very time consuming and often quite costly. 

We further adapted the more accessible flow cytometry procedure as an 

alternative, to include the staining for intracellular granule components. 

To examine the tertiary and secondary granules, we examined OSM, 

lactoferrin, and CD66b. OSM and lactoferrin are intracellular granule components 

found almost exclusively in the tertiary and secondary granules, respectively. As 

mentioned in the introduction, OSM has recently been investigated as a potential 

inflammatory marker in VAD patients184. CD66b was added to complement this 

portion of the study with a surface receptor. Similar to CD11b, CD66b is released 

and up-regulated following chemical stimulation and granule exocytosis; it is 

therefore also used as a sign of neutrophil activation79. While CD11b is present 

throughout several granule subtypes, CD66b is only present in, and can therefore 

be used as a marker for, the secondary granules79. In order to complement the 

CD11b results in isolated cells, we examined CD66b and OSM in whole blood. 

Lactoferrin was examined with isolated neutrophils. The combination of these 
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components allows us to examine both of these granule subtypes to some extent 

with each of these conditions (whole blood / isolated cells and intracellular / 

surface receptor). Examining results in this chapter with conditions of both 

isolated neutrophils and whole blood provides useful and distinct information. An 

isolated system is important for examining the effects directly on the cells, and 

avoids interaction and influence from other cell types and blood proteins. 

However, no common cell isolation procedures today are completely immune to 

having some effects on neutrophils, which are notoriously sensitive to changes 

(e.g., temperature) and handling84,123. Examining components in whole blood 

therefore complements the isolated neutrophil results, while removing potential 

artifacts from the isolation procedure. In addition, it also demonstrates changes 

in a more realistic physiological system. However, a whole blood setting has 

limitations of its own. Platelets and erythrocytes have both been shown previously 

to be affected by shear229,273. The presence of these other cell types could 

influence leukocyte behavior. Little is known about these interactions under high 

shear rates, and could either compound or desensitize the neutrophils’ activation 

in response to shear87,157. Unfortunately, while we keep the velocity and shear 

rate constant between the isolated and whole blood systems, the shear stress is 

increased in the latter situation due to the viscosity of the blood.  

CD66b and OSM levels in whole blood showed no increase following any 

of the shear exposures examined (Fig. 4.3 A and B). Similarly, we observed no 

changes in the intracellular lactoferrin content in isolated neutrophils (Fig. 4.3C). 

Chemically activated controls using fMLP showed a significant increase in the 
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signal for CD66b. We observed no significant changes OSM and lactoferrin 

content in fMLP stimulated cells, a somewhat surprising event given the increase 

in CD66b on the neutrophils’ surface. The two- to three-fold increases in CD11b 

and CD66b levels suggest degranulation of the later granules with fMLP is 

occurring, but do not offer much insight into the percentage of exocytosis. 

However, while fMLP is a potent neutrophil activator, it is expected to cause only 

modest release of the secondary and tertiary granules153,154. In fact, it seems 

likely based on the fMLP results that only a small fraction of the granules are 

released, and this could explain why we do not see a significant change in the 

intracellular content. While both of these receptors are present on the surface of 

un-activated neutrophils, these baseline levels constitute only a small percentage 

of the total receptor quantities that the neutrophils contain. Previous studies 

suggest that only a small percentage of CD11b is present on un-activated 

neutrophils, with up to 75% concentrated in the secondary/tertiary granules and 

20% in the secretory vesicles271. CD66b similarly observes a several (2 to 3) fold 

increase in surface receptor expression after stimulation with fMLP187,266; this 

aligns with the results shown in this thesis. CD66b levels can also be increased 

further (~6-fold from baseline) with pre-stimulation (TNFα) and other 

activators15,267,324. CD11b was found in one study to increase to even higher 

surface expression levels, with up to 6-10 fold increases with certain activators, 

such as higher concentrations of fMLP, and up to 25-fold in response to 

Ionomycin271. These levels of stimulation in comparison to the several-fold 

increase observed in this thesis, suggest that only modest degranulation is 
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occurring, even with the fMLP control used. As such, surface receptor flow 

cytometric analysis appears to be much more sensitive to degranulation. 

Intracellular levels of CD11b and CD66b were not examined at this time; staining 

focused solely on surface expression. This could be one aspect for future studies, 

and could complement the current assay to provide more quantitative information 

about the percentages of degranulation. It is also possible that the intracellular 

staining is not as effective as staining for surface receptors, and therefore less 

sensitive to changes in concentration from release. Another suggestion for future 

studies would be the inclusion of at least a second, more potent activator such 

as PMA or ionomycin, which would be expected to induce the release of the 

majority of the tertiary and secondary granules.  

Regardless of these limitations in the current study, we can conclude from 

the results of this section, along with those of CD11b total surface expression, 

that we observe no evidence of secondary/tertiary granule exocytosis. This 

portion of the study also further supports the notion that the increase observed in 

the activated form of CD11b was from a change in conformation (and a potential 

mechanosensing event). These results do not demonstrate traditional cell 

priming, as release of the more mobile granules is commonplace, usually related 

to the formation of components of the NADPH complex present in these 

granules40,84.  
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Figure 4.3: Specific and tertiary granule components. (A) CD66b and (B) OSM 
were measured in whole blood and (C) lactoferrin in isolated cells. Colors 
represent shear rates as shown by the legend at the bottom right of the figure. 
Samples/channels from left to right: Unsheared, Straight channel A, Con. D, 
Con. F, Con. G, Con. G, and fMLP control (no shear). N = 4-5 donors for each 
condition.  

 

Based on the fact that the secondary and tertiary granules are released 

during priming events84, coupled with the lack of evidence for their degranulation 

following shear shown here, we would similarly expect no changes in the primary 

granules. However, as shear does not appear to follow traditional activation 
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pathways, this is not a foregone conclusion, and we wanted to examine most 

aspects of neutrophil state with short exposures to high shear. We thus also 

included a distinct primary granule marker, MPO, in our analysis. We again 

examine this granule component with both isolated cells and whole blood 

conditions.  

In contrast to the other granule subtypes, the MPO signal in isolated cells 

showed a significant increase (about 1.2 fold) in all the high shear channels and 

the fMLP control, but not in the straight, low shear channel control. Additionally, 

the MPO level was almost identical for all shear conditions tested, as can be seen 

in Figure 4.4.  

 
Figure 4.4: Primary granule component MPO in isolated cells. Values represent 
averages from N=5 donors, normalized to the unsheared sample. All constricted 
channels and fMLP sample were significant as compared to the unsheared 
sample (p < 0.05).  
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An increase in the MPO levels was a surprising discovery, as MPO 

production in the mature neutrophil is not expected, at least not on such a short 

time scale. Since the assay examines intracellular MPO as opposed to that 

released from the granules to the extracellular environment, it is possible that the 

overall levels did not increase, but that the MPO was more accessible to the 

antibody stain. Possibilities include an aggregation of granules within the cell 

and/or a localization towards the cell surface. These events would be the 

beginning stages of release, in which granules fuse together and begin to 

sequester towards the outer cell membrane, in an actin dependent process140,216. 

As MPO release is usually one of the latest stages in the activation cycle, it is not 

surprising to see very little to no release. But these co-localization or aggregation 

steps could potentially coincide with cell priming, as the cell prepares for later 

granule release and activation from a subsequent stimulation.  

To further study the primary granules we examined the MPO response in 

whole blood. Interestingly, increases (1.2 and 1.3 fold) were only observed in the 

58 and 73 msec channels, with a significant difference in the latter only (Fig. 4.5). 

The fMLP response again showed a significant increase that was greater than 

the shear response. The most likely difference between this result in whole blood, 

and that shown in the isolated cells (significance in the 16 and 58 msec channels 

also) is potential priming from the cell separation. Cell priming from a first 

activator causes a pronounced response when exposed to a second stimulus. 

This phenomenon has been demonstrated previously with chemical activators, 

where the cell is first primed by a stimulus such as TNFα or LPS, and then 
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activated by fMLP or GCSF84,118. In this case the isolation procedure could act as 

the priming event, with shear as the subsequent activating event. In both cases, 

for the isolated cells and the whole blood samples, the fMLP response was similar 

at about a two-fold increase. There is another possibility to observing more 

significant elevation in MPO in the isolated cell case: that other blood cells 

contribute to a resistance in activation. Erythrocytes have been shown previously 

to reduce neutrophil activation; one study demonstrated the requirement of a 

erythrocyte presence to induce pseudopod retraction under shear157. This seems 

less likely than priming, as only the 16 msec channel was greatly reduced in the 

whole blood case. Regardless, due to the potential sensitivity shown in the case 

of the isolated cells, caution in interpreting this portion of the results will be 

required until further investigation. Despite this, both cases showed a significant 

increase in at least one of the longer shear exposures tested, so there appears 

to be a change in the primary granules occurring from shear exposure. The 

increase in MPO signal in the isolated neutrophil case suggests that any changes 

are due to shear sensitivity in the neutrophils, and not from cross-talk or binding 

with platelets87. Further investigation will be required to corroborate these results 

and probe the potential mechanisms involved.   



162 
 

 
Figure 4.5: MPO in whole blood. Values represent normalized mean fluorescent 
intensity for N=6 donors. Significance (p < 0.05) in the 73 msec and fMLP 
samples.  

 

Coupled with the other results examining CD11b, CD66b, OSM, and 

lactoferrin, and the fact that the signal increased rather than decreased for MPO, 

we observe no evidence for primary granule exocytosis. Therefore, granule 

translocation is the more likely scenario. Such a short exposure could be causing 

this priming event (mobilization), and additional time could begin the process of 

granule exocytosis. While there is very limited data relating shear and granules, 

a few previous studies observed increased granule movement with high shear 

rates for long exposure times (>10 min)71,217. One of these studies sheared cells 

at 20,000-60,000 s-1 and also detected release of beta-glucuronidase, a primary 

granule constituent71. While flow cytometry measures the entire cell, it doesn’t 

really allow for differentiation between proteins near/on the surface versus the 

interior of the cell. We hypothesized that the increased signal observed was a 
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result of the granules aggregating and moving closer to the cell surface. To probe 

this possibility, we attempted a second assay to investigate the MPO result, 

through the use of confocal imaging. This analysis lets us visualize the MPO 

distribution to investigate its localization within the cell.  

Confocal images were examined for the whole blood case. A qualitative 

analysis was performed to examine the location of MPO signal within the cells. 

Cells were placed into a few descriptive categories based on whether the signal 

was distributed evenly throughout the cell or located towards the membrane, 

whether this membrane based signal was in aggregated pockets of elevated 

brightness or as a ring around the entire membrane, and if deformation of the cell 

shape occurred. Representative images for each condition are shown in Figure 

4.6. Deformation was included as an expected observation in the fMLP positive 

control, and is typical for chemically activated cells. To remove potential bias from 

the researcher, samples were randomly assigned a number as an identification 

label used until the image analysis was complete. Figure 4.6 also shows a 

graphical representation of the MPO distribution, as a percentage of the cells in 

each category, for each shear condition tested. The data in the graph consists of 

the fraction of cells in each category average for the three days/donors. An 

analysis using cumulative counts across all three donors resulted in the same 

trend with similar values.  

Unsheared samples were almost entirely filled throughout, with MPO 

signal randomly distributed. Cells in the straight channel were similar to the 

unsheared samples. The shear channels were more heterogeneous; some cells 
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were completely filled, along with filled cells that had bright spots on the cell 

edges. Approximately 10-20% of the sheared cells displayed bright, aggregated 

signals in MPO, about twice as much as the unsheared and straight channel. 

Only a small percentage had a deformed shape. Interestingly, the long exposure, 

73 msec sheared samples were the only ones in which a percentage of 

neutrophils appeared to have the majority of the MPO signal focused as a ring 

around the cell with little to no inner signal, suggesting localization to, or very near 

to, the cell membrane. This characterized only a small percentage of the cells at 

about 15%. The fMLP stimulated cells, similar to the shear channels, had larger, 

bright spots throughout a subpopulation of the cells. About half of the fMLP 

stimulated cells had a highly deformed, polarized shape. Only about a third of 

fMLP stimulated cells had MPO signal throughout the cell interior. The high shear 

exposures and the fMLP control resulted in an increase in a portion of the cells 

with aggregated granules concentrated towards the outside of the cell, near the 

membrane. This subpopulation supports the hypothesized notion of an increase 

in the mobilization of the granules towards the neutrophil surface. It would be 

interesting to see if longer exposure times or repeated exposures would increase 

the percentage of cells in these categories. 
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Figure 4.6: Confocal imaging analysis for MPO content in whole blood. Cells 
were grouped into categories: content distributed throughout the cell (filled), the 
presence of bright, larger aggregates (Agg.), a prominent ring of MPO signal 
near the cell membrane (Ring), and a deformed shape (Deformed). Colors 
represent the exposure time in each channel. Colors correspond to shear rates 
from previous graphs as well, with No shear; 2400; 100,000; 90,000; 80,000; 
and no shear fMLP s-1 from left to right. Analysis of more than 60 cells for 3 
donors. 
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Phagocytosis:  

Up to this point in the chapter we have examined various markers, both 

on the cell surface and internal granules. While granule release is an important 

neutrophil function, we wanted to test a functional assay. One of the most 

important roles of neutrophils as a primary responder in the immune response is 

the phagocytosis of invading pathogens. As a downstream event it also helps to 

examine how the altered state of the cell observed in the previous sections affects 

the cells’ functionality. One of the few studies to examine the effects of stenosis 

level shear rates (Carter et al.) discerned an effect of short exposures to high 

shear on the phagocytosis ability, but not on physical cell damage. They 

observed a decrease in phagocytosis using leukocytes in bovine whole blood. 

The exposure time in this previous study was higher (>100 msec) and the shear 

rate magnitude lower (< 40,000 s-1) than the current analysis46.  

A range of shear rate (80,000-100,000 s-1) and exposure time (16-73 

msec) conditions was again tested. The assay was done in whole blood, as the 

uptake of the bacterial particles is greatly increased and reliant upon opsonization 

by complement proteins present within serum. As a negative control, cells were 

kept on ice during the particle incubation; these samples had no difference in 

signal from that of cells without particles added. As can be seen in Figure 4.7, the 

phagocytosis ability of the cell decreased with the shear exposure. All constricted 

channel conditions tested showed a significant decrease in the phagocytosis 

levels as compared to unsheared samples. There was also a decreasing trend 

with increasing exposure time, as the 58 and 73 msec channels had more than a 
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20% decrease in phagocytic function, about two-fold more than that of the 16 

msec channel. The fMLP induced sample had a similar decrease to the longest 

time exposure channels. Previous studies with low levels of fMLP demonstrated 

a similar decrease in phagocytosis, with a very significant increase at higher 

concentrations, >10-7 M233,234. A second activating agent, LPS, was included to 

demonstrate the functionality of the assay with an activator expected to cause an 

increase in the phagocytosis ability; in this case a 1.2 fold increase was observed. 

The straight channel also had a decrease compared to the unsheared sample, 

but was not statistically significant.  

 
Figure 4.7: Phagocytosis Assay. Whole blood samples were incubated with 
bacterial particles and then analyzed via flow cytometry. MFI ± SEM for N = 3-6 
donors for each condition. 

 

Actin cytoskeleton: 

Actin plays a critical role in almost all neutrophil processes, including those 

examined within this thesis94. In fact, there is even a connection between the 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Un Str 16 58 73 fMLP LPS

Ph
ag

oc
yt

os
is

 (M
ea

n 
FL

-1
)

Exposure Time (msec)

Un
Str
16
58
73
fMLP
LPS

Shear Rate
(s-1)
N/A
2.4k
100k
90k
80k
N/A
N/A

*
* * *

*



168 
 

cytoskeleton and the various mechanosensitive receptors192. Actin content was 

examined by quantifying the levels of f-actin using flow cytometry. Stained cells 

were also plated and imaged with a confocal microscope for analysis of actin 

distribution. The flow cytometry results show an increase in actin content with 

shear in terms of the mean intensity (Fig. 4.8). However, only the 67 msec 

channel at 90,000 s-1 shows a significant increase as compared to the unsheared 

sample in this work. Although not found to be significant, the other shear 

conditions tested had an increase compared to the unsheared sample, including 

the straight channel. The constricted channels also show a potential further 

elevation as compared to the straight channel. The 73 msec at 80,000 s-1 and the 

16 msec at 100,000 s-1 are the next highest as expected, as these represent the 

longest exposure time and the highest shear rate examined.  

 
Figure 4.8: Actin content in whole blood. F-actin content was measured using 
flow cytometry in fixed and permeabilized cells. Significance of p < 0.05 in the 
67 msec, 90,000 s-1 channel, and fMLP stimulated sample. N = 4-6 donors for 
each condition.  
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To complement the flow cytometry results we also performed confocal 

imaging (Appendix D). As was seen with the MPO results, confocal imaging offers 

an important additional benefit over flow cytometry, as it allows us to examine the 

distribution of the actin. Actin increases can be localized near the membrane, or 

with an activator such as fMLP, can also become polarized to the leading edge 

of the cell. Visually we could not discern a difference in distribution as was done 

with the MPO. Therefore, we quantitatively examined the actin content near the 

membrane, in comparison to that distributed throughout the interior of the cell. 

Cells were thresholded both around the entire cell, as well as excluding the cell 

membrane. This allowed us to measure the signal in the entire cell, as well as 

this inner region. We can then compare content between the center of the cell 

and the outside portion (near the membrane). This method produced no 

observable differences in the percentage of actin localized in the membrane 

between the shear channels and the unsheared sample. However, similar to the 

flow cytometry results we did see an overall increase in signal for the longer 

exposure time channel, with a 60% increase in signal for the 67 msec, 90,000 s-

1 channel.  

In order to establish the validity of the actin staining protocol, we tested a 

single concentration of fMLP for different time intervals. Previous studies have 

demonstrated rapid, consistent changes in f-actin content with time. Based on 

the literature a peak was expected around 1 minute. Time points of 1, 5, and 10 

minutes were compared to examine actin content over time with chemical 

activation. As expected, we observed a very fast increase in actin content, which 
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then quickly began to reduce and level off by 5-10 minutes after the stimulation 

(Fig. 4.9). We observed a significant increase in all fMLP stimulated samples as 

compared to the un-activated sample. In addition, the 1 minute time point was 

significantly higher than the 5 and 10 minute time points. The stimulation was 

terminated with the addition of paraformaldehyde to initiate cell fixation. Actin 

dynamics occur on a rapid time scale, and could be some of the first pieces of 

the cell to be altered with shear. However, such phenomena could also contribute 

to the high amount of experimental variability, and therefore the reason for the 

lack of significance in the other shear channels (16, 58, and 73 msec) tested, 

despite the observed actin signal increase in these channels. Improvements, 

such as incorporating a fixative simultaneously into the channel output, is a 

potential design consideration that would be very beneficial for future studies. 

Further studies into actin dynamics with short exposures to high shear will 

definitely be useful and required to understand the changes undergoing in the 

cell, and may potentially link the various results observed in this chapter.  
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Figure 4.9: Actin content with time of chemical activation. Samples were 
stimulated with fMLP for 1-10 minutes and f-actin content was examined via 
flow cytometry. All fMLP stimulated samples were significantly increased (p < 
0.05) compared to the un-activated control, while the 1 min was also 
significantly higher than the later time points. Data was normalized to the un-
activated sample for each day and for statistical purposes. N = 4 different 
donors.  
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Conclusions:  

In this chapter, we demonstrate that very short exposures (<75 msec) to 

high shear (80,000-100,000 s-1) are sufficient to cause alterations to the 

neutrophil state, as well as potential dysfunction. To demonstrate this, we utilized 

surface receptors sensitive to activation or shear, granule proteins, phagocytosis 

ability, and f-actin content. We found changes in conformation for one surface 

receptor: CD11b. No changes were observed in the other surface receptors 

tested, and no evidence of granule release was observed. Surprisingly, one 

primary granule component, MPO, actually had an increased internal signal. The 

phagocytosis ability was shown to decrease for all shear conditions tested, while 

actin levels increased for the highest shear rate condition.  

The results from the cell surface receptors and granule components 

partially resemble early stages of activation, perhaps what would generally be 

considered a priming of the cell. The increase in the activated form of CD11b, a 

conformational shift that occurs after priming events, was observed in the longer 

exposure time shear conditions. There is often an up-regulation in CD11b levels 

coinciding with the increase in active conformations. However, there was no 

observable change in cell surface receptor levels, as measured by L-selectin, 

CD11b, and CD66b. Further examination of tertiary and secondary granules via 

OSM and lactoferrin similarly saw no indications of granule exocytosis. Priming, 

such as during neutrophil rolling/adhesion, generally coincides with release of the 

early granules90,270. There could, however, be co-localization or mobilization of 

the primary granules towards the surface, as an increase in MPO levels was 
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observed. In addition to receptor and granule content changes, actin based, cell-

conformational shifts are a rapid, early indicator of neutrophil activation. It is 

currently the most likely explanation for the observed changes in the neutrophil 

rolling chapter, as the observed increase in neutrophil rolling could result from a 

stiffening of the cell from increased actin content that would lead to less surface 

contact area. Previous studies have indicated the potential for shear based 

effects on the cytoskeleton, which could also be a result of myosin based tubules 

and polarization of the cell62,63,235. In this study, actin content was observed to 

increase only in the highest shear exposure channel. Additional studies will be 

needed to examine potential alterations to the cytoskeleton. The results 

throughout this chapter demonstrate an altered neutrophil state, but one that 

does not appear to conform to traditional priming or activation pathways.   

The lack of activation in terms of granule release, follows similar trends to 

previously reported work utilizing lower, physiological shear levels. These 

previous studies have generally concluded that shear exposure desensitizes 

leukocytes, preventing unwanted activation in the bloodstream. The priming style 

components (CD11b activated form, MPO increase, f-actin increase) provide 

somewhat contrasting results to previous studies, and as such offer a potentially 

novel set of events occurring with shear. It is unclear at this time what causes 

these effects. While signaling pathways were not explored, detection of shear 

through other potential mechanosensors, such as FPR, could also cause an 

inside-out signaling style event, which could lead to the observed CD11b 

conformational shifts194. A signal from FPR could also account for the actin 
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increase observed, and possibly the mobilization of the primary granules. Or 

shear based conformational shifts in CD11b may cause outside-in style 

signaling5,276. Very few of the previous studies have examined pathological shear 

rates, and there is thus currently no indication that the same desensitization trend 

holds under the influence of such regimes. The few studies at elevated shear 

rates have indicated the potential for granule release and cell destruction / 

apoptosis with extended, long exposure times71,278. Activation phenotypes linked 

to shear, such as elevated numbers of neutrophils extending pseudopods in the 

bloodstream, have been observed in studies of the hypertensive rat103. And 

activation markers such as the high affinity conformation of CD11b have been 

observed in VAD patients after implantation326. So our results follow a similar 

trend to the few previous findings in cases related to pathological shear 

magnitude. Further analysis into the altered phenotype, as well as the underlying 

signaling pathways, that occur after short exposures to high shear is required.  
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Chapter 5: Conclusions and Future Directions: 

Conclusions:  

This dissertation has described the design, characterization, and 

implementation of a PDMS based microfluidic device to investigate the effect of 

short exposures to high shear on neutrophil state and function. These devices 

allow us to investigate a previously unknown set of shear conditions, with 

exposure times significantly lower than previous studies. This millisecond time 

scale with high shear rates are relevant to conditions such as stenosis, and blood-

contacting devices such as VADs. We presented throughout this thesis some of 

the first studies to examine this pathological shear regime on neutrophil state and 

function. 

In chapter 2 we outlined the design aspects for the microfluidic devices 

used throughout the study. The devices allow for the study of controlled, short 

exposures to high shear, as well as for the incorporation of low shear regions for 

cell adhesion. The devices are capable of briefly exposing cells to a wide range 

of shear rates from 4,700 – 100,000 s-1, with exposure times from 16 – 440 msec. 

A µPIV system was used to track beads and create velocity profiles for all 

conditions tested throughout this thesis and the related publications. We 

demonstrate that for most channels/conditions the velocity profiles align well with 

the expected analytical solutions. The velocity profiles were then utilized to 

calculate the wall shear rates in the channels, and subsequently to estimate the 

corresponding exposure times. With increasing exposure time and constriction 
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length, and under high shear rates, we observed a pressure drop across the 

channel resulting in decreased velocities. Increasing the flow rate led to increases 

in the velocity profiles in a non-linear fashion. In this chapter, we also introduced 

a new fabrication method to incorporate glass as support to prevent deformation 

for the higher shear rate channels used for adhesion studies. This support allows 

for higher aspect ratio channels to maintain the constant, low shear rate 

necessary for neutrophil rolling in the wide regions, while maintaining a high 

shear rate in the constricted region. This technique is very simple to use and 

allows for the study of higher, pathological shear rates. It can be utilized for other 

high pressure applications when a PDMS substrate is desired.  

These channels were then used to observe changes in neutrophil state 

and function following short exposures to high shear. We examined both the 

adhesion cascade through selectin based rolling, as well as downstream 

functions such as degranulation and phagocytosis. To our knowledge, this is the 

first examination of neutrophil rolling behavior in combination with pathological 

shear rates. In chapter 3, an alteration in neutrophil rolling behavior was 

demonstrated following shear exposures of 4700, 5900, and 8600 s-1 for 

exposure times greater than 340, 310, and 230 msec respectively. The critical 

exposure time required to observe an increase in the downstream rolling velocity 

decreased with the increase in shear rate magnitude. An increased rolling 

velocity could be caused by a few different mechanisms, including receptor re-

localization or shedding, as well as reduced deformability of the cell membrane. 

We suspect the latter to be the cause. To rule out the possibility of receptor 
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shedding we designed a second set of channels with all dimensions doubled, to 

increase our flow output and collect a sufficient quantity of cells for flow cytometric 

analysis. Analyzing PSGL-1 levels in the effluent demonstrates no detectable 

change in the surface receptor levels. While we cannot rule out the possibility for 

receptor redistribution at this time, previous studies have demonstrated increases 

in rolling velocity with reduced deformability329. Other studies have demonstrated 

changes in actin content and the stiffness of adhered cells with shear 

exposure63,278. No such link has been found at this point for PSGL-1.   

In chapter 4 of the current study we detected increased f-actin levels with 

high shear exposures. This finding helps support the hypothesis that shear 

induced increases in rolling velocity originate from stiffening of the actin 

cytoskeleton. Along with f-actin, we observed two other markers of neutrophil 

activation: an increase in the amount of high affinity conformation CD11b 

receptors on the cell surface and intracellular MPO levels. Confocal imaging 

suggests that the latter may result from increased aggregation and mobilization 

of the primary granules towards the cell surface. The combination of these three 

events suggest a rapid activation or priming of the cell by even millisecond 

exposures to high shear. The increase of MPO levels without any evidence of 

degranulation by the more easily mobilized granule types was a surprising 

finding. The lack of increases in total CD11b surface levels, especially, display a 

lack of degranulation, as about 20% of the intracellular stores are present in the 

secretory vesicles271. Since secretory vesicles are released early in the activation 

cycle90, the current results suggest more of a priming than an activation. Each of 
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these events could be explained in such a context. This is further strengthened 

by the lack of L-selectin shedding, an early and sensitive activation marker.  

In contrast to the other results suggesting an increase in the activation 

state, we observed a decrease in phagocytosis. The mechanism for such an 

effect remains unknown at this time. However, phagocytosis is highly dependent 

on the formation of the phagocytic cup by cytoskeletal elements, and a deficiency 

or stiffening of the cell could cause such an effect. The increased actin content 

and increased rolling velocities both support the potential notion of increased 

neutrophil stiffness; lower deformability could lead to less efficient phagocytic 

uptake. Another intriguing possibility is a deficiency in the formation of the 

phagosome. The bacterial particles used in this study only fluoresce under the 

acidic conditions found in the phagosome, so that only ingested particles 

contribute to the fluorescent signal detected by the flow cytometer. A potential 

alteration in the movement of the primary granules could reduce maturation of 

the phagosome, which would lead to the reduced signal detected, even with 

proper initial ingestion. The changes in MPO levels and the confocal images 

indeed suggest that the primary granules are affected by shear via a yet unknown 

pathway.  

The results described throughout this thesis outline changes in the 

neutrophil induced by short transient exposures to high shear, and presents one 

of the first studies to investigate this important pathological shear regime. This 

regime is relevant to a variety of conditions present both in naturally occurring 

conditions such as stenosis, as well as in devices such as VADs and heart valves. 
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Knowledge of the damage and dysfunction caused by the shear rate conditions 

allows us to modify designs for future devices to improve upon the quality of life, 

and ideally reduce the number of infectious events encountered in patients. For 

devices such as VADs, this remains high. Characterizing the state of the cell with 

single passes to high shear demonstrates the types of changes that can occur 

with high shear exposures. Modifying future device designs to avoid the types of 

shear rate magnitudes (or exposure times) that elicit neutrophil changes can help 

create safer devices for patients. This will require additional studies with multiple 

or reoccurring shear exposures. Incorporating shearing devices with animal 

studies, or an in vivo version of these shear regimes (such as an induced, severe 

stenosis), would provide an interesting investigation into whether the changes 

observed here in the current study correlate with decreased functionality. Such 

as, if the increase in rolling velocity directly translates with decreased migration 

into sites of infection. Or if animals more easily succumb to infections as a result 

of decreased phagocytosis.  

 

Future Directions:  

The body of work examining neutrophil state and function following short 

exposures to high shear is extremely limited, and the work described here 

presents indications of neutrophil priming events and dysfunction. There is thus 

a myriad of potential avenues left to explore, by both expanding upon the areas 

examined here in this thesis, as well as functions left unexamined at this point.  
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The first novel result was the increase in neutrophil rolling on P-selectin 

downstream of a high shear exposure. Expanding upon this work could examine 

the interaction with other selectin ligands such as L-selectin or E-selectin. 

Reversing the interaction and patterning PSGL-1 on the surface would allow us 

to investigate whether the increase in rolling velocity occurs with rolling 

dominated by other surface receptors; rolling on PSGL-1 is governed through L-

selectin on the neutrophil surface. This would carry physiological significance by 

examining the potential effect of shear on secondary neutrophil capture85,163. 

Previous studies have shown the susceptibility of this interaction to 

deformation243. L-selectin rolling is also an important mechanism for T-cell 

trafficking in the lymphatic system105,319. In addition, we have only examined one 

component of the adhesion cascade. Patterning a combination of P- or E- selectin 

and ICAM-1, would allow for the study of the second portion of leukocyte rolling, 

slow rolling and arrest. We observed an increase in the high affinity form of 

CD11b with higher shear rates, but it is currently unknown if LFA-1 is also 

affected. Both integrins have similar conformational shifts upon activation190. By 

utilizing microfluidic techniques, such as the laminar flow patterning recently 

developed by our lab275, we could study the sequential rolling on pairs of selectins 

and integrins with well-defined protein regions. If the results observed here are 

indeed based on cytoskeletal changes, then the integrin rolling interaction would 

also likely be affected. 

Auxiliary studies will be needed to expand the shear rate magnitudes and 

exposure times from those tested here. Further increasing the shear rate for a 
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set of channels for the rolling experiments by 1.5- and 2- fold, for example, would 

allow for examination of the relationship between shear rate magnitude and the 

critical exposure time. We can also study the effect of multiple exposures by 

introducing variations of the double constriction channel. For example, at 5900 s-

1 we observed a significant increase in rolling velocity at 310 msec, but not at 210 

msec. Two sequential constrictions with the total combined length of the 310 

msec (2x155 msec), two of the 210 msec length (total of 420), and two of the 310 

msec (620 msec total) could be a useful starting point to examine the effect of 

cumulative exposures as compared to a single exposure. The double 310 msec 

channel corresponds to the current double constriction channel measured in the 

text.  

The double constriction channels are also a logical next step for the work 

examined in chapter 4. However, these channels will likely need some redesigns 

for longer exposures. Con. G (46.2 mm constricted region) was the maximum 

length that we were able to use with the glass slides. The double constriction 

requires additional space between the two channels, and thus two constrictions 

with half the length of Con. G were difficult without further modification. 

Incorporating a circular loop in between constrictions (no curvature to either 

constricted region) could be a feasible way to create double constricted channels 

up to the length of Con. G with little redesign, and without significantly altering 

the shear profile in the constricted regions. Curvature would have to be carefully 

chosen as to avoid any inertial effects200. Variations such as 2x15 msec (30 total), 

4x15 msec (60), and 2x30 msec (60), in combination with single exposure 
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channels of 15, 30, and 60 msec, could be used to investigate CD11b levels and 

the critical exposure time for shear based activation. These are just two examples 

of the potential uses for these multi-shear exposure channels.   

A tangential future direction could be the use of microfluidics to replace 

the traditional cell isolation. Recent techniques have been developed for blood 

cell isolation utilizing microfluidic devices306,328,331. The channels used for the 

rolling assays require only small volumes and could thus be sustainable with such 

an isolation technique. Current isolation techniques have the potential to prime 

or activate neutrophils and can take several hours to complete84,123, and avoiding 

this could facilitate more studies with isolated neutrophil systems, especially for 

sensitive assays such as f-actin analysis. Specifically validating and comparing 

the activation increases from various isolation techniques, such as with CD35 

(specific to secretory vesicles) and CD11b activated form, would be an interesting 

investigation that has not really been fully detailed in the literature. Or at least not 

for more recent isolation techniques. 

One of the most currently under developed areas of research for 

neutrophils is the signaling mechanisms that control fluid shear-sensing. Makino 

et al. have linked shear stress to the action of the Rho GTPases, demonstrating 

increases in RhoA, and decreases in Rac 1 and 2 (at physiological shear 

rates)193. A recent study then linked a RhoA specific signaling molecule to 

leukocyte crawling under shear93, which is a function modulated by CD11b. 

These Rho GTPases control f-actin dynamics, and thus could have far reaching 

implications on neutrophil behavior94,121. Despite these discoveries, very little 
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other work relating to GTPases, at least in the context of shear, has occurred. 

However, these signaling pathways have been investigated in other contexts. 

Interestingly, Rac2 activity has been selectively linked to the mobilization of the 

primary granules168,216. Recent evidence also suggests that the mobilization of 

the different granule types, while all modulated in some extent by intracellular 

calcium levels, is orchestrated through different series of internal events. For 

example, secondary degranulation is instead regulated by a different GTPase, 

Ral53. As was mentioned briefly in the introduction, both types of phagocytosis 

are also linked to the Rho family197. Future work should examine the Rho 

GTPases in the context of high shear rates. Activity levels can be examined, as 

done at lower levels by Makino et al. Inhibitors for the Rho GTPases could also 

be used to examine the link between shear stress induced activity, and the 

downstream responses such as CD11b conformational shifts and primary 

granule mobilization observed here. Selective inhibitors exist for many of the Rho 

GTPases147.  

The work from chapter 4 should be supplemented by additional shear rate 

and exposure time combinations, as mentioned. In addition, the potential priming 

events warrant an investigation into whether downstream activation events are 

more potent. For example, studies similar to those presented by Mitchell et al.215, 

but with the elevated shear rates examined here. The reverse could also be 

investigated, by first activating the cells with a priming agent, and then exposing 

them to shear, to observe if shear can pose as an activating event. We have so 

far examined neutrophil state, but have not examined possible cell damage. One 
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study with adherent neutrophils showed apoptosis after a several hour period278, 

and work with platelets has shown evidence of apoptosis with pathological shear 

exposures178. It is possible that high shear rates could similarly damage 

neutrophils, and evidence of this could be examined for markers of apoptosis, as 

well as microparticle formation. The latter has been examined to some extent in 

VAD patients50,75, and thus warrants a closer look. These studies would be 

especially relevant to investigation with multiple, repeated exposures. Finally, the 

work could be supplemented by examining additional neutrophil priming related 

events. One of the most important that was not touched upon here is the NADPH 

oxidase complex. The Rac GTPases are an integral part of the complex132. In the 

context of this work it thus provides another important neutrophil function, as well 

as one that we suspect could be modulated by shear.  
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Appendix A: Velocity and Shear Rate Equations:  

Starting with the equation of motion: 

𝜌𝜌 �
𝜕𝜕𝑣𝑣𝑥𝑥
𝑑𝑑𝑑𝑑

+ 𝑣𝑣𝑥𝑥
 𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑦𝑦
 𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑧𝑧
 𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕

� = −
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝜇𝜇 �
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑥𝑥2

+
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑦𝑦2

+
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑧𝑧2

� + 𝜌𝜌𝑔𝑔𝑥𝑥 

We then apply a few assumptions to simplify: 

1) For laminar flow there is no fluid flow in the y and z directions (𝑣𝑣𝑦𝑦 , 𝑣𝑣𝑧𝑧 = 0) 

2) The fluid is incompressible and there is no change in velocity along the x 

direction ( 𝜕𝜕
𝜕𝜕𝜕𝜕
𝑣𝑣𝑥𝑥 = 0) 

3) The channel is horizontal (𝑔𝑔𝑥𝑥 = 0) 

4) The flow is at steady state with no time dependence (𝜕𝜕𝑣𝑣𝑥𝑥
𝑑𝑑𝑑𝑑

= 0) 

To arrive at:  

0 = −
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝜇𝜇 �
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑦𝑦2

+
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑧𝑧2

�  

Rearranging: 

1
𝜇𝜇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= �
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑦𝑦2

+
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑧𝑧2

� = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

The solution to this equation can be solved231, and plugging in a and b as half 

the height and width provides Equation 3 from Chapter 2:  

𝑣𝑣𝑥𝑥 =
16𝑎𝑎2

𝜇𝜇𝜋𝜋3
�−

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� � (−1)(𝑖𝑖−1)/2 �1−

cosh(𝑖𝑖𝑖𝑖𝑦𝑦𝑐𝑐/2𝑎𝑎)
cosh(𝑖𝑖𝑖𝑖𝑖𝑖/2𝑎𝑎) �

∞

𝑖𝑖=1,3,5…

cos (𝑖𝑖𝑖𝑖𝑧𝑧𝑐𝑐/2𝑎𝑎)
𝑖𝑖3
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Integrating this equation provides Chapter 2 Equation 4:  

𝑄̇𝑄 =
4𝑏𝑏𝑎𝑎3

3𝜇𝜇
�−

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� �1 −

192𝑎𝑎
𝜋𝜋5𝑏𝑏

�
tanh(iπb/2a)

i5

∞

𝑖𝑖=1,3,5…

� 

To derive a relationship between the flow rate and the shear rate, Son287 first 

takes a force balance to relate pressure and shear stress: 

∆𝑃𝑃 ∗ (𝑊𝑊𝑊𝑊) =  𝜏𝜏𝑤𝑤 ∗ (2𝑊𝑊𝑊𝑊 + 2𝐻𝐻𝐻𝐻) 

Rearranging for the shear stress:  

𝜏𝜏𝑤𝑤 = �
∆𝑃𝑃
2𝐿𝐿
� �

𝑊𝑊𝑊𝑊
𝐻𝐻 + 𝑊𝑊

� = �
∆𝑃𝑃𝑃𝑃
2𝐿𝐿

� �
1

𝐻𝐻/𝑊𝑊 + 1
� 

We need to rearrange the equation for the flow rate to solve for the pressure 

drop per unit length (-dp/dx=ΔP/L), and plugging in H/2 and W/2 as a and b, 

respectively: 

𝑄̇𝑄 =
4𝑊𝑊2 (𝐻𝐻2)3

3𝜇𝜇
�
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2 /(2 H
2)�
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∞
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� 

Simplifying and including x=W/H 

𝑄̇𝑄 =
𝑊𝑊𝐻𝐻3
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Multiply the right side by (1 + 1/x)^2 
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Therefore:  
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The wall shear rate for a Newtonian fluid can thus be described (as mentioned 

in Chapter 2, Equation 1) by:  

𝛾𝛾𝑤𝑤 = � 6𝑄𝑄
𝑊𝑊𝐻𝐻2� �1 + 𝐻𝐻

𝑊𝑊
�𝑓𝑓∗ �𝑊𝑊

𝐻𝐻
�  
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Appendix B: Negative Photolithography Protocol 

1. Remove an aliquot of the appropriate photoresist from the freezer and let 

sit until thawed and up to room temperature, at least 30 minutes. This will 

be assuming KMPR 1050 with a height of 60 µm, spin speeds to be 

changed for other applications and heights 

2. Set up the spin coater with the appropriate program conditions (see 

below), and cover the surface with foil for easier cleaning 

3. Pour a drop of photoresist into the center of the wafer. Allow the 

photoresist to fall so as to avoid creating bubbles 

4. Rotate the wafer by tilting, thus causing the photoresist to move from the 

center to the outside. Slowly rotate until the photoresist is covering 

almost the entire wafer, rotating several times as necessary. Shift any 

edge back towards the center 

5. Allow the wafer to sit for 5-10 minutes. This allows the photoresist to 

spread more evenly across the surface, to minimize height variations 

across the wafer 

6. Spin coat the wafer 

500 rpm, 100 rpm/sec, 10 seconds 

2800 rpm, 300 rpm/sec, 30 seconds 

Using a CEE Spin Coater (Brewer Scientific). Spin speed will need to be 

adjusted for each spin coater device used 

7. Repeat to coat additional wafers as needed, and let sit overnight after 

spin coating. This helps even out small variations in the photoresist 
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height after spin coating. Do these initial steps towards the end of the 

day if possible 

8. Pre-bake for 20 minutes at 100 °C. Use one of the Aluminum blocks for 

even heating. This requires temperatures of the hot plate to be increased 

to 115 °C to achieve the desired 100 °C. This will also vary with the 

heating block used. 

9. Let wafer cool before exposure 

10. Set up mask aligner. Using the Karl Suss Ma6B Contact Printer. 

Exposure of 1100 mJ/cm2 required, exposure time to be adjusted 

according to the current bulb power for the I line.  

11. Load the wafer and expose. Allow to sit for a minute 

12. Post-bake for 4 minutes at 100 °C 

13. Let cool, about 5 minutes 

14. Develop wafer in SU-8 developer. Shake container slowly (like an orbital 

shaker). Do not sonicate, as this will remove the small features such as 

the constrictions. Takes approximately 5 minutes to develop 
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Appendix C: Neutrophil Isolation Protocol 

1-step Lympholyte density separation with RBC salt lysis and buffer washes 

Lympholyte (CedarLane CL5071): Sodium diatrizoate and dextran 500 density 

gradient 

All buffers and centrifuge should be at room temperature (centrifuge set at 25 

°C) 

1. Use a syringe to add 5 mL of lympholyte to a 15 mL conical tube 

2. Carefully layer 5 mL of whole blood (sodium heparin anticoagulated) on 

top 

Be careful not to mix the two layers 

3. Spin 30 minutes at 600xg until cell bands are visible and distinct 

Spin additional 5 minutes if necessary to remove residual RBCs 

4. With a pipette carefully remove the second white layer containing the 

granulocytes 

Layers (top/bottom): PRP, lympholyte, mononuclear WBCs, 

lympholyte, granulocytes, lympholyte, RBC pellet 

5. Add cells to a 50 mL conical. Add up to 10 mL of 0.4% NaCl. Should be 

5 mL of cells and 5 mL of salt solution. Invert gently to mix 

6. Add 10 mL of HBSS (w/o Ca/Mg) on top. Invert gently to mix 

7. Spin 15 min at 450xg 

8. Remove liquid and gently tap pellet to remove from wall of centrifuge 

tube 
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9. Add 10 mL of 0.2% NaCl and gently invert to mix 

10. Add 10 mL of 1.6% NaCl and gently invert to mix 

11. Spin 10 min at 450xg 

12. Remove liquid, tap to loosen pellet, and resuspend in 5 mL of 0.5% HSA 

(in HBSS w/o Ca/Mg). Invert gently to mix and transfer to a 15 mL 

conical. Wash in 7-10 mLs if you have more than two tubes of 

blood/lympholyte (in the first step) for the separation 

13. Spin 5 min at 450xg 

14. Repeat steps 12-13 for two additional washes 

15. Resuspend in an appropriate volume of 0.5% HSA (now in HBSS with 

Ca/Mg) 

Transfer to new conical tube 

Generally about 1-5 million cells per mL 

Count and add additional buffer as necessary for assay 

concentration 
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Appendix D: Actin Confocal Images 

 

Representative confocal images for f-actin staining in whole blood are shown 

above for three conditions: unsheared, 16 msec at 100,000 s-1, and 67 msec at 

90,000 s-1. The latter sample had an increase in f-actin content as measured by 

flow cytometry (Figure 4.8). F-actin content as measured throughout the entire 

cell (with confocal images, using ImageJ) was also significantly higher (P < 

0.05) for the 67 msec channel as compared to the unsheared sample, and was 

not for the 16 msec channel. No visual differences were observed at this time 

between samples. 


	Acknowledgements
	List of Tables
	List of Figures
	Abstract:
	Chapter 1: Background and Significance:
	Congestive Heart Failure and Cardiovascular Disease:
	Shear Rate in the Circulation:
	Pathological Shear Rates:
	Stenosis:
	Ventricular assist devices (VADs):
	Other blood contacting devices:

	The Adhesion Cascade:
	Selectins:
	Integrins:

	Neutrophils and the Immune Response:
	Neutrophil Activation:

	Neutrophil Functions:
	Phagocytosis:
	Granules:

	Effects of Shear on Leukocytes:
	Overview and Significance:

	Chapter 2: Channel Design and Characterization
	Introduction:
	Methods:
	Materials:
	Photolithography:
	PDMS microfluidics:
	Flow characterization of microfluidic channels:

	Results and Discussion:
	Channel design:
	Shear rate estimation:
	PIV analysis: analytical solution
	PIV experimental analysis: “low” shear rate for rolling studies
	Exposure time:
	Reynolds number:
	PIV characterization: 125-5900s-1 additional constricted channel lengths
	Higher shear rate adhesion studies: 8600 s-1
	Deformation experiments:
	Higher shear rates: ~100,000 s-1
	Corrected flow rates: long exposure constricted channels
	Double constriction channels:
	Recirculation zones:

	Conclusions:

	Chapter 3:  Effects of Transient Exposure to High Shear on Neutrophil Rolling Behavior
	Introduction:
	Methods:
	Proteins and reagents.
	Neutrophil collection and isolation from whole blood
	Design, fabrication, and assembly of the microfluidic shearing device
	Neutrophil and bead rolling assays
	Analysis of PSGL-1 levels
	Statistical analysis

	Results and Discussion:
	Effect of transient high shear exposure on neutrophil rolling
	Effect of shear rate magnitude and the critical exposure time
	Effect of transient high shear exposure on PSGL-1 levels
	Effect of transient high shear exposure on GSP-6 coated bead rolling

	Conclusions:

	Chapter 4:  Altered Neutrophil State and Function Following Short Exposures to High Shear
	Introduction:
	Methods:
	Antibodies and reagents:
	Blood collection:
	Neutrophil isolation:
	Microfluidic chamber fabrication:
	Microfluidic device perfusion:
	Surface receptor staining:
	Intracellular granule staining:
	Actin staining:
	Confocal imaging analysis:
	Phagocytosis assay:
	Statistical analysis:

	Results and Discussion:
	Surface receptors: selectins and integrins
	Intracellular granules:
	Phagocytosis:
	Actin cytoskeleton:

	Conclusions:

	Chapter 5:  Conclusions and Future Directions:
	Conclusions:
	Future Directions:

	Chapter 6: Literature Cited:
	Appendix A: Velocity and Shear Rate Equations:
	Appendix B: Negative Photolithography Protocol
	Appendix C: Neutrophil Isolation Protocol
	Appendix D: Actin Confocal Images

