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ABSTRACT 

 

Cardiovascular disease (CVD) has been the leading cause of death in the United 

States since 1900.  CVD affects nearly 82.6 million American adults, and, on average, it 

claims one life every 39 seconds.  Ventricular assist devices are a viable option for sustaining 

patients awaiting cardiac transplantation, but postoperative complications, such as bleeding, 

infection, and thrombosis, still remain an issue.  Platelet adhesion to the plasma protein-

coated polyurethane urea (PUU) blood sac in the Penn State 50 cc ventricular assist device is 

a primary event in thrombosis.  Prior to adhesion, platelets must be convected to the material 

surface.  Red blood cells have been shown to increase platelet diffusivity as a function of 

shear rate through localized mixing and cell-cell collisions and as a function of shear rate and 

hematocrit through platelet margination.  In this study, we aim to determine the effects of 

hematocrit (Hct) and rotation time on platelet adhesion to PUU.  A rotating disk system is 

used to provide a steady waveform to the PUU surface.  The disk is rotated in either 20% Hct 

or 40% Hct reconstituted whole bovine blood for 0.5, 1, or 2 hours.  Adhered platelets are 

immunofluorescently labeled with a primary CAPP2A mouse anti-bovine antibody and a 

secondary Alexa-Fluor 488 donkey anti-mouse IgG, and the PUU material is imaged at 

specific locations using confocal microscopy.  The shear rate at each imaging location is 

experimentally determined using laser Doppler velocimetry.  Platelet adhesion is quantified 

by the average platelet counts at each radial location and by calculating an adhesion 

coefficient from the average platelet count, platelet flux, and rotation time.  The platelet 

fluxes and raw counts are lowest at the disk centers and increase logarithmically with shear 

rate.  The platelet counts are an order of magnitude greater in whole blood than platelet rich 

plasma.  After two hours of rotation, the adhesion coefficients were highest at the disk 
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centers and were approximately 0.15% for the 20% Hct condition and 0.20% for the 40% Hct 

condition. 
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Chapter 1 

Introduction 

 

1.1 Clinical Need 

Cardiovascular disease (CVD), which includes patients suffering from angina, 

hypertension, heart failure, myocardial infarction, and stroke, affects an estimated 82,600,000 

(>1 in 3) American adults and has been the leading cause of death in the United States every 

year since 1900 (except 1918).  On average, CVD claims one American life every 39 

seconds, and deaths attributed to CVD outnumber those due to cancer, chronic lower 

respiratory disease, and accidents combined.(1)  Although certain forms of CVD can be 

treated by lifestyle change, medication, catheterization, and invasive surgical procedures, 

such as valve replacements, total heart transplantation is sometimes required. 

After a transient spike in the number of heart transplantations during the mid-1990s, 

the number of cardiac transplant procedures performed per year in the United States has 

leveled off to around 3,700.(2)  On any given day, the National Heart, Lung, and Blood 

Institute estimates that approximately 3,000 patients are on the heart transplant waiting 

list.(3)  The amount of time a patient spends on the waiting list depends on many factors, 

including age, blood type, and condition.  Although this time can vary from days to years, in 

2004, the Organ Procurement and Transplantation Network reported that the median wait 

time for patients between the ages of 18 and 64 was approximately 169 days.(4)  In response 

to limited donor availability and extensive wait times, researchers and physicians have turned 

to mechanical circulatory support devices as a means for sustaining patients awaiting cardiac 

transplantation. 
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1.2 Ventricular Assist Devices 

Ventricular assist devices (VADs) have been a viable option for adult patients 

requiring bridge-to-transplant mechanical circulatory support since the HeartMate LVAS 

received FDA approval in 1994.(5)  VADs are surgically implanted blood pumps that work 

in parallel with a patient’s native ventricle to supply blood to the body.  Although VADs can 

be placed in a left, right, or bi ventricular configuration, left ventricular assist devices 

(LVADs) are most common due to the relatively high systemic resistance against which the 

left ventricle must pump.  Thus, the majority of VADs pump blood from the left ventricle to 

the aorta. 

In 2001, the Randomized Evaluation of Mechanical Assistance for the Treatment of 

Congestive Heart Failure (REMATCH) study sought to determine the sustainability of long-

term LVAD use by comparing HeartMate XVE LVAD patient outcomes to the outcomes of 

patients receiving advanced medical therapy alone.  The results demonstrated that LVAD 

implantation more than doubled the 1-year survival rate (52%) compared to patients solely 

receiving optimal medical management (25%).  Additionally, the LVAD patients 

experienced an increased quality of life, both physically and emotionally.  However, the 

morbidity and mortality associated with LVAD implantation were still concerning.(6)  

Therefore, in 2007, a post-REMATCH era study was conducted to further investigate LVAD 

performance for end-stage heart failure patients using a modified version of the HeartMate 

XVE LVAD.  With these modifications came improved safety and reliability, an improved 

general understanding of mechanical circulatory support, and a slight increase in the 1-year 

survival rate (56%).  However, the incidence of postoperative complications remained 

high.(7)  Since this study, LVADs have been improved through an iterative design process, 



 
 

3 
 

and in 2011, the 1-year survival rate for clinically used devices neared 85%, a result 

comparable to intermediate-term heart transplantation outcomes.(8)  Postoperative 

complications, such as bleeding, infection, and thrombosis, however, still remain an issue.   

 

1.3 Penn State 50 cc Ventricular Assist Device 

Penn State’s Artificial Heart Program began as a collaborative effort between the 

College of Medicine and the College of Engineering in 1970.  The first assist device 

consisted of a flexible segmented polyurethane sac housed in a polycarbonate case, inlet and 

outlet cannulas fitted with ball and cage valves, a pneumatic driver, a synchronizer, and a 

monitoring apparatus.  This initial pulsatile VAD was intended for patients who were unable 

to be weaned from cardiopulmonary bypass after surgery.(9)  In 1976, an iteration of this 

original design, shown in Figure 1.3.1, received FDA approval for investigational 

applications.  Soon after, Thoratec Corporation began manufacturing the paracorporeally-

placed Pierce-Donachy VAD for nationwide use.(10) 
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Figure 1.3.1 An artist’s rendition of the Pierce-Donachy VAD, illustrating the pump’s 

paracorporeal placement.(10) 

 

 

After realizing that a similar device could be used to sustain patients awaiting cardiac 

transplantation, the group’s focus shifted toward developing an implantable VAD.  With the 

advent of a transcutaneous energy transmission system, an electronically-driven VAD that 

allowed for increased patient mobility was developed in two sizes:  an experimental model 

with a 100 cc stroke volume and a clinical model with a 70 cc stroke volume.(11)  The 70 cc 

model underwent successful in vitro and in vivo testing and was implanted in more than 250 

patients worldwide with a success rate of over 90%.(12)  By 2001, Penn State had partnered 

with Arrow International to bring this device, commercially known as the Arrow LionHeart 

LVD 2000, to clinical trials.(13)  The design, however, was limited by patient chest cavity 

size.  Consequently, the 70 cc device was scaled down to 50 cc in order to accommodate 

average size women and men of small stature.(14)  Initial in vitro particle image velocimetry 
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(PIV) studies and in vivo animal studies showed a correlation between regions of flow stasis 

and low wall shear rates and thrombus deposition in the 50 cc device.(15, 16)  It was 

hypothesized that the smaller device’s lower Reynolds numbers resulted in decreased mixing, 

increased fibrin and platelet deposition, and, therefore, increased thrombus susceptibility.  

Since these initial experiments, the 50 cc device has been studied extensively and further 

modified.  PIV studies have been used to determine how global flow characteristics are 

affected by altered beat rates and systolic durations and by modifications to the mitral valve 

and outlet port orientations.(17–19)  Most recently, a thrombus susceptibility metric was used 

to compare two 50 cc design iterations.(20) 

 

1.4 Polyurethane Urea Biocompatibility 

Biocompatibility is defined as “the ability of a material to perform with an 

appropriate host response in a specific application.”(21)  Given the integral dependence of a 

material’s performance on the particular application, it is inappropriate to describe a material 

as being uniformly biocompatible.  The concept of biocompatibility must be considered in 

medical device design, as the reaction of the native tissue to the foreign material will dictate 

how well the device performs physiologically.(22) 

Polyurethanes have been widely used in medical devices since the 1950s, largely due 

to their desirable biomaterial characteristics.  Polyurethanes possess excellent abrasion and 

chemical resistance as well as tensile and tear strength, and due to their segmented structure, 

they have unique and variable combinations of toughness, flexibility, and durability.  Their 

variable chemical and physical makeups lend them to a variety of medical device 

applications, including medical tubing, drug delivery devices, IV connectors, and transdermal 
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patches.  Additionally, polyurethanes exhibit good hemocompatibility, making them a 

common material choice in cardiovascular devices, such as catheters, pacemakers, intra-

aortic balloons, and VADs.(23) 

Given that thromboembolism is the most frequent and serious complication 

associated with mechanical circulatory support devices, hemocompatibility is one of the main 

concerns when designing and evaluating ventricular assist devices.  VADs are especially 

susceptible to thrombus formation because of their long-term use, large surface areas, and 

complex flows.(24)  In 1856, Rudolph Virchow postulated that the three factors affecting 

thrombosis, collectively referred to as Virchow’s Triad, are the blood flow, the blood-

contacting surface, and the blood constituents.(25)  The blood flow within the 50 cc device 

has been extensively studied.(16–20)  The blood-contacting material (the second factor in 

Virchow’s Triad) used in the Penn State 50 cc VAD is polyurethane urea (PUU), a 

polyurethane derivative, commercially known as BioSpan MS/0.4 (The Polymer Technology 

Group, Berkeley, California).  This material consists of a methylenediisocyanate hard 

segment, a polytetramethylene oxide soft segment, and an ethylene diamine chain extender.  

The polymer is endcapped with 2000 molecular weight polydimethylsiloxane (PDMS) at 

0.4% by weight.(26)   

Blood is a complex connective tissue that contains gases, ions, nutrients, hormones, 

proteins, chemical wastes, lipids, platelets, and various nucleated cells.(27) These 

components constitute the third factor of Virchow’s Triad, but platelets and plasma proteins 

play the most significant roles in thrombosis.  Platelets are anuclear discoid bodies that result 

from the fragmentation of megakaryocyte cytoplasm.(28, 29)  Platelets are found at 

physiologic plasma concentrations of 150x10
6
-350x10

6
 platelets/mL.(30)  In the absence of a 
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stimulus, platelets remain in a quiescent state and do not contribute to coagulation.  However, 

in the presence of an activating stimulus, such as collagen fiber exposure, adhesion protein 

adsorption, or bulk phase agonists, platelets become activated and accelerate thrombosis.(29)  

High shear or a sudden increase in shear can also activate platelets.(31)  An electron 

micrograph of a resting platelet and two activated platelets is shown in Figure 1.4.1.  

Pseudopodia formation, as depicted in Figure 1.4.1, is a classic indicator of platelet 

activation.   

 

 

 

Figure 1.4.1 Electron micrograph of a resting platelet (left) and two activated platelets 

exhibiting pseudopodia formation (right).(28) 

 

 

Of these activating mechanisms, adhesion protein adsorption is the stimulus most 

commonly associated with biomaterial-mediated thrombosis.  As a result of interfacial 

energetics, plasma proteins in flowing blood adsorb to polymer surfaces within seconds after 

contact, stabilized by hydrogen bonding and van der Waals, hydrophobic, and electrostatic 
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interactions.(32, 33)  It has been shown that the amount of adsorbed protein and the 

conformation of the adsorbed proteins affect platelet adhesion.(34)  One study compared 

plasma protein adsorption and platelet adhesion to poly(2-methoxyethylacrylate) (PMEA) 

and poly(2-hydroxyethylmethacrylate) (PHMEA) surfaces.  Plasma protein adsorption was 

low for both surfaces.  However, the proteins adsorbed to the PMEA surface showed little 

conformational change from their native states, while the conformation of the proteins 

adsorbed to the PHMEA surface changed considerably.  Platelet adhesion was significantly 

less on the PMEA surface, suggesting that platelet adhesion is reduced when plasma proteins 

maintain their native conformations after adsorption.(34)  In addition to biomaterial 

selection, many groups now focus on modifying surface chemistries and topographies to 

decrease protein adsorption and platelet adhesion.(33) 

The principle adhesion proteins involved in biomaterial-mediated thrombosis are 

fibrinogen, fibronectin, vitronectin, and von Willebrand factor (vWF).  The physiologic 

plasma concentrations of these proteins are 3.0 mg/mL, 0.3 mg/mL, 0.3 mg/mL, and 0.05 

mg/mL, respectively.  These adhesion proteins stimulate platelets through interactions with 

the GPIIb-IIIa, GPIb-IX, αvβ3, and α5β1 platelet surface receptors.  Figure 1.4.2 shows the 

glycoprotein receptors, GPIIb-IIIa and GPIb-IX, interacting with fibrinogen and vWF.  These 

interactions increase the platelets’ procoagulant activity through intracellular signaling 

cascades, resulting in both platelet adhesion and platelet activation.  Upon activation, 

platelets further accelerate thrombosis by secreting bulk phase agonists, such as adenosine 

diphosphate, secreting coagulation cascade cofactors, such as Ca
2+

, mediating platelet-

platelet aggregation, and increasing thrombin production.(29) 
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Figure 1.4.2 A platelet and its glycoprotein receptors.  vWF binds to the GPIb-IX 

receptor, and fibrinogen binds to the GPIIb-IIIa receptor.  vWF can also bind to the 

GPIIb-IIIa and αvβ3 receptors.(35) 

 

 

Therefore, when designing ventricular assist devices, platelet adhesion and activation 

should be minimized in order to reduce thrombosis.  Although the individual factors of 

Virchow’s Triad are relatively well understood when studied independently, thrombus 

formation is an intricate and complex process.  This complexity is derived from the inherent 

interconnectedness of the three factors.  Therefore, we must consider not only the three 

factors but also how these factors relate to and affect one another. 
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1.5 Previous Studies 

Hubbell and McIntire used epifluorescent video microscopy to visualize the cell-cell 

and cell-surface interactions of thrombosis in real-time for collagen, polyurethane, and nylon 

surfaces.  Whole blood was passed through a parallel-plate flow chamber at several constant 

shear rates for each material, and digital image processing was used to analyze the 

morphological features and the number of platelets of individual thrombi.  At 100 s
-1

, many 

small to moderate thrombi (<20 platelets) formed on polyurethane but were quickly 

embolized.  Although the number of deposited platelets was small, the rate of embolism from 

the surface was high (0.25/(100 μm
2
∙min)).  At 500 s

-1
, however, many temporary (<1 

second) individual platelet adhesions were observed.  These individual platelets attached at a 

rate of approximately 2.5/(100 μm
2
∙min), yet few large emboli formed and no stable thrombi 

remained on the surface.  These findings suggest that platelets are unable to form stable 

surface bonds to plasma proteins on polyurethane at shear rates greater than 500 s
-1

.(36) 

Rotating disk studies have been used to investigate cellular adhesion to biomaterials.  

A rotating disk is desirable, as the flow field near the disk surface has been extensively 

studied and is well understood.(37–39)  By using the linear relationship between shear rate 

and radial distance, we can investigate over a wide shear range that we can easily manipulate.  

One rotating disk study analyzed the effects of adsorbed platelet and plasma proteins on the 

adhesion of Staphylococcus epidermidis to polyethylene, another biomaterial commonly used 

in cardiovascular devices.(40)  A physiologic shear stress range of 0-73 dyne/cm
2
 was 

investigated, and an adhesion coefficient was used to quantitatively evaluate bacterial 

adhesion.  It was shown that while adsorbed plasma proteins decrease bacterial adhesion 

relative to a bare polyethylene surface, adsorbed platelets increase bacterial adhesion by an 
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order of magnitude.  These results suggest that platelet adhesion mediates bacterial adhesion, 

device infection, and sepsis.(40) 

 A second rotating disk study investigated the effects of sub-micron PUU texturing on 

platelet adhesion.(26)  Two sub-micron pillar schemes were fabricated on PUU samples, and 

a rotating disk was used to generate a physiologic shear stress range of 0-67 dyne/cm
2
.  

Although platelet adhesion was found to be greatest from 0-5 dyne/cm
2
, sub-micron texturing 

was found to reduce platelet adhesion in this range.  Additionally, from 0-9.5 dyne/cm
2
, 

platelet adhesion decreased with increasing shear stress, with the greatest adhesion seen at 0 

dyne/cm
2
.  At higher shear stresses, however, the adhesion coefficient was lower yet 

remained constant with shear stress, and there was no significant difference in platelet 

adhesion between the textured and untextured PUU samples.  These results suggest that sub-

micron texturing may help to reduce platelet adhesion in areas of low shear stress by 

reducing the surface area available for platelet interactions.(26) 

 Most recently, the rotating disk was used to examine how peak shear exposure affects 

platelet adhesion.(41)  Five waveforms, each with a root mean square (RMS) angular 

velocity of 29.63 rad/s and a period of 700 ms, were investigated.  A steady waveform served 

as a baseline.  A cardiac pulse waveform, with a peak angular velocity of 54.35 rad/s, was 

extracted from the 50 cc Penn State VAD inlet flow probe.  Three ramp waveforms were also 

investigated.  The first ramp waveform reached a peak angular velocity that was 25% greater 

than the cardiac pulse peak value.  The second ramp waveform had a peak angular velocity 

equal to that of the cardiac waveform, and the third ramp waveform had a peak angular 

velocity that was 25% less than the peak cardiac pulse value.  Platelet adhesion was found to 

decay exponentially with increasing shear rate.  For shear rates less than 500 s
-1

, peak shear 
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exposure directly influences platelet adhesion.  At higher shear rates, however, platelet 

adhesion depends solely on RMS shear levels.  At shear rates greater than 1000 s
-1

, platelet 

adhesion is rare.(41)  

 

1.6 Current Study 

 Previous rotating disk platelet adhesion studies have been conducted using platelet 

rich plasma, rather than whole blood, as the fluid medium.  This approach is beneficial, as 

platelet rich plasma is a Newtonian fluid, and the shear stresses in the rotating disk boundary 

layer can be directly calculated using the following equation: 

 

          
  

 
     (1) 

 

where η is the dynamic viscosity, x is the radial distance from the disk center, ω is the 

angular velocity, and ν is the kinematic viscosity.  The corresponding shear rates can be 

calculated by simply dividing the shear stress by the dynamic viscosity.  Using whole blood 

complicates this calculation, as blood is a shear-thinning fluid.  Therefore, these calculations 

do not hold. 

  Using whole blood, however, is an important next step, as platelet diffusivity in 

whole blood is several orders of magnitude greater than platelet diffusivity in plasma 

alone.(42)  This increase is due to the presence of red blood cells (RBCs).(43)  Specifically, 

localized RBC mixing increases platelet diffusivity, and in vessel flow, RBCs concentrate at 

the vessel center, effectively increasing the platelet concentration near the walls.(43, 44) 
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There are two basic types of RBC mixing:  the rotation of individual cells and mixing 

due to cell-cell collisions.  Both types, however, are due to shearing effects.(43)  When an 

RBC is acted upon by varying shear, the RBC rotates, and frictional forces cause the fluid 

surrounding the cell to rotate as well.  This type of mixing augments the transport of the 

platelets found within these rotating fluid elements.(43)  The cell-cell interactions are similar 

to the intermolecular collisions of Brownian motion but on a macroscopic scale.  As platelet-

containing fluid elements flow into the spaces vacated by RBCs post-collision, platelet 

diffusivity increases.(45)  Platelet marginalization is a function of both hematocrit and 

shear.(44)  In tube flow, RBCs are concentrated at the center of the vessel, and platelets are 

forced to the near wall region.  This increases the near wall platelet concentration and in turn 

increases platelet adherence.(44) 

These phenomena have been studied both experimentally and computationally.  In 

one study, suspensions of washed human platelets and reconstituted blood samples were 

flowed through an axi-symmetric glass expansion tube coated with collagen fibers.(46)  This 

study demonstrated that high hematocrit and platelet concentrations and regions of high wall 

shear stress correlated with elevated platelet deposition.(46)  This experimental setup was 

also modeled computationally, and similar results were observed.(47) 

Here, we seek to understand the effects of hematocrit (Hct) and rotation time on 

platelet adhesion to the PUU material using a rotating disk.  Both 20% and 40% reconstituted 

whole blood samples are investigated for rotation periods of 0.5, 1.0, and 2.0 hours.  Platelet 

adhesion is quantified, and the relationships between hematocrit, rotation time, shear rate, 

and platelet adhesion are investigated.  
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Chapter 2 

Theory 

 

2.1 Rotating Disk Flow 

 Flow due to a rotating disk was originally solved by von Karman using a momentum-

integral solution in 1921 and was later improved upon by Cochran’s numerical solution in 

1934.(37, 38)  The following explanation is based on Benton’s 1966 steady state and time-

dependent, initial-value solutions.(39)  The continuity (Equation 2) and Navier-Stokes 

(Equations 3-5) equations for non-steady, axially-symmetric, incompressible flow of a 

homogenous fluid are as follows: 

 

               (2) 

                                            (3) 

                                     (4) 

                                    (5) 

 

where u, v, and w are velocity components in the r, θ, and z directions, respectively, ρ is the 

density, ν is the kinematic viscosity, and p is the pressure.  Subscripts represent derivatives.  

For flow induced by a rotating disk that starts from rest and reaches steady rotation with a 

constant angular velocity, ω, the initial and boundary conditions are as follows: 
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                 (6) 

                    (7) 

               (8) 

 

The streamlines for flow due to a rotating disk are shown in Figure 2.1.1.  It should be noted 

that only the bottom of the disk contacted the fluid in our experiments.  The rotation of the 

disk induces rotation of the fluid near the disk surface.  Because there is no radial pressure 

gradient, as the fluid rotates, it is directed radially outward from the disk surface.  In order to 

satisfy conservation of mass, axial flow is directed inward towards the disk surface.(48) 

 

 

 

Figure 2.1.1 The streamlines in the r, θ, and z directions for flow due to a rotating disk.  

Fluid flows radially outward from the disk surface, and to satisfy  conservation of mass, 

fluid is directed axially inward toward the disk surface.(48) 
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The similarity variable, ζ, and the similarity forms of the velocity field and pressure 

distribution used by von Karman are as follows: 

 

    
 

 
      (9) 

               (10) 

               (11) 

          
 
      (12) 

               (13) 

 

Equations 9-13 are transformed into Equations 14-17. 

 

         (14) 

                 (15) 

               (16) 

              (17) 

 

The following boundary conditions result: 

 

        (18) 

                       (19) 
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After substituting Equation 13 into Equations 14 and 15, the following alternative boundary-

value problem arises: 

 

               (20) 

           
 

 
           (21) 

        (22) 

                         (23) 

 

As ζ approaches infinity, there is a finite flow towards the disk.  Given this condition, 

Cochran defined a variable, c, as follows: 

 

                 (24) 

 

 G and H are then expressed as the following expansions: 

 

      
       

       
       (25) 

         
       

        
       (26) 
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Given these expansions, the similarity variable is redefined by Equation 27, and Equations 20 

and 21 are rewritten as Equations 28 and 29 with corresponding boundary conditions 

(Equations 30-31). 

 

        (27) 

                (28) 

                           
 

 
             (29) 

          (30) 

                   (31) 

        (32) 

 

After rewriting g and h in terms of power series expansions, the following set of equations 

can be used to determine the three-dimensional velocity field and pressure distribution.  

 

             
     

        
 

 

   

 (33) 

             
     

        
 

 

   

 (34) 

    
 

      
                                

   

   

 (35) 

     
 

        
                                              

   

   

 (36) 
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Chapter 3 

Methods 

 

3.1 Polyurethane Urea Sample Preparation 

 All of the PUU samples were manufactured at the Hershey Medical Center (Hershey, 

Pennsylvania) using a successive spin casting and curing protocol.(26)  The samples, which 

were made from 18% Biospan MS/0.4, were created in three consecutive layers using a 

smooth PDMS mold.  The first, second, and third layers were each spun for 60 seconds at 

1500 rpm, 800 rpm, and 400 rpm, respectively.  After each spin casting, the sample was 

allowed to cure overnight in a vacuum at room temperature.  This procedure maintains 

sample smoothness while also increasing sample thickness.  A stamp was used to cut a 20 

mm diameter circular piece of PUU, and this sample was mounted to a metal disk using 

double-sided poster tape.  The mounted sample equilibrated in phosphate buffered saline 

(PBS) at 30°C for one hour. 

 

3.2 Reconstituted Blood Preparation 

 Approximately 450 mL of whole blood was drawn from the jugular vein of a healthy 

female bovine at the Penn State Dairy Barn according to IACUC #31641.  The blood was 

collected using a 16 G needle and a single collection blood bag that was pre-anti-coagulated 

with CPDA-1 solution (Jorgensen Laboratories, Inc., Loveland, Ohio).  The blood bag was 

kept in an insulating container during transportation from the barn to the laboratory. 

 Eight 45 mL whole blood aliquots were prepared in 50 mL centrifuge tubes, and the 

samples were centrifuged at 600 g for 12 minutes.  Acceleration and deceleration settings 
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were set to 1% to minimize platelet activation and mixing.  After centrifugation, the top 

platelet rich plasma (PRP) layers were gently removed from each centrifuge tube using a 25 

mL serological autopipette and transferred to clean 50 mL centrifuge tubes.  The remaining 

blood was then centrifuged at 1500 g for 20 minutes with 1% acceleration and 1% 

deceleration.  After this second centrifugation, the top platelet poor plasma (PPP) layers were 

gently removed from each centrifuge tube and transferred to clean tubes, leaving only the 

buffy white coat layers and RBCs behind in the original eight tubes.  The buffy white layers 

were discarded, and the remaining RBC volumes were combined into a single tube.  The 

centrifugation procedure is depicted in Figure 3.2.1.  The separated blood components were 

kept in a 30°C water bath prior to reconstitution. 

 

 

 

Figure 3.2.1 The centrifugation procedure.  Whole blood was centrifuged at 600 g for 12 

minutes.  PRP was removed and saved, and the remaining blood was centrifuged at 

1500 g for 20 minutes.  The PPP and RBCs were removed, and the buffy white layer 

was discarded.     
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For every experiment, a 50 mL sample of reconstituted whole blood with a known 

hematocrit and platelet concentration was prepared.  For the 40% Hct experiments, the 50 

mL reconstituted blood samples contained 20 mL of packed RBCs, and for the 20% Hct 

experiments, the 50 mL blood samples contained 10 mL of packed RBCs.  A small sample of 

PRP was diluted by a factor of 100 using PBS, and  the initial platelet count was measured 

using a hemocytometer (Hausser Scientific, Horsham, Pennsylvania) and a bright field 

microscope (Nikon, Melville, New York) fitted with a 40x dry objective (Nikon, Melville, 

New York).  Using the initial platelet concentration, the appropriate PRP:PPP volume ratio 

was determined such that the final platelet concentration for all experiments was 250x10
6
 

platelets/mL.  The actual hematocrit values for the 20% Hct and 40% Hct reconstituted blood 

samples were measured using a microhematocrit centrifuge (Iris Sample Processing, 

Westwood, Massachusetts).  All experimental Hct values were within +/- 1.5% of the 

theoretical values.  The final 50 mL sample was gently mixed and placed into a 100 mL 

polytetrafluoroethylene (PTFE) beaker.  The beaker was then placed on a hot plate 

underneath the rotating disk system to keep the temperature of the blood at 30°C for the 

entire experiment.  The viscosity curves for both the 20% Hct and 40% Hct reconstituted 

blood samples were measured at 30°C using a viscometer (Vilastic Scientific, Inc., Austin, 

Texas). 
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3.3 Steady Rotation Experiments 

 The rotating disk system (RDS) (Pine Instrument Company, Grove City, 

Pennsylvania) is shown in Figure 3.3.1.  The RDS motor connects to a threaded shaft, and 

after equilibrating in PBS for one hour, the metal disk with adhered PUU was fastened to the 

shaft.  The metal disk is inscribed with nine concentric circles each separated by 1 mm and 

six radial lines each separated by 60° to determine locations during imaging.  The PUU 

sample was lowered approximately 3 mm into the reconstituted whole blood sample and the 

RDS was turned on.  A knob on the motor was used to manually adjust the rotation rate to 

283 rpm, and the sample was rotated for 0.5 hours, one hour, or two hours.   

 

 

 

Figure 3.3.1 The rotating disk system experimental setup.(40)  
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After spinning for the predetermined time, the RDS motor was turned off, but the 

metal disk was left fastened to the shaft.  An autopipette was used to gently replace the 

reconstituted whole blood with PBS by adding and removing six 35 mL aliquots.  The PBS 

solution was then replaced with a 1% paraformaldehyde (PFA) solution by adding and 

removing six 35 mL aliquots.  The PUU remained immersed in the PFA solution for one 

hour at 30°C to fix the adhered platelets to the PUU surface.  The PFA solution was then 

replaced by six 35 mL aspirations of PBS, and the metal disk was removed from the RDS 

and placed in a 12-well polystyrene tissue culture plate. 

 

3.4 Fluorescent Platelet Labeling and Imaging 

 The PUU sample was incubated in a primary CAPP2A mouse anti-bovine αIIbβ3 

antibody (VMRD, Pullman, Washington) solution (1.50 L CAPP2A antibody in 1 mL 6% 

donkey serum blocking agent (Sigma-Aldrich, St. Louis, Missouri)) and refrigerated 

overnight.  The next day, the sample was gently washed with 5 x 3 mL PBS aspirations to 

remove non-specifically bound primary antibodies.  The sample was then incubated in a 

secondary Alexa-Fluor 488 donkey anti-mouse IgG antibody (Invitrogen, Eugene, Oregon) 

solution (1.25 L Alexa-Fluor antibody in 1 mL 6% donkey serum blocking agent) for one 

hour at room temperature.  Following incubation, the sample was again rinsed with 5 x 3 mL 

PBS aspirations and removed from the culture plate. 

 The sample was imaged with an FV-1000 confocal microscope (Olympus, Center 

Valley, Pennsylvania).  Images were taken at the center of the disk and along three radial 

lines at each of the nine concentric circle intersections for a total of 27 images per disk.  This 

constituted one (n=1) experiment.  A 10x dry objective (Olympus, Center Valley, 
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Pennsylvania) was used to identify the location on the disk, and a 100x (Olympus, Center 

Valley, Pennsylvania) dry objective with a 0.95 numerical aperture and a 1 mm working 

distance was used to capture the images.  The representative image shown in Figure 3.4.1 

covered an area of 105.77 m by 105.77 m.  For the raw platelet counts, statistical 

significance was determined using a Student’s t-test (α=0.05). 

 

 

 

Figure 3.4.1 A representative confocal image taken at a radial intersection.  The length 

of the scale bar is 105.77 µm.  
  

 

3.5 Platelet Adhesion Measurements 

 Platelet adhesion was quantified using an adhesion coefficient (AC).  This coefficient 

measures the ratio of the number of adhered platelets to the number of platelets transported to 

the PUU surface, and it is expressed as a percentage.(40)  If none of the platelets that were 

transported to the surface adhered, the AC would be 0%, and if all of the platelets that were 
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transported to the surface adhered, the AC would be 100%.  The AC was calculated as 

follows: 

 

         
 

  
 (37) 

 

where N is the average number of platelets at an intersection per unit area, j is the platelet 

flux, and t is the rotation time.(40)  The platelet flux, j, was calculated as follows: 

 

 
  

        
         

    
 

 

(38) 

where Deff is the effective diffusivity, ω is the angular velocity, C∞ is the bulk platelet 

concentration, and ν is the kinematic viscosity.(40)  In whole blood, the effective platelet 

diffusivity is defined as the total sum of the stationary flow diffusivity (DSF) and the particle 

(Dp) diffusivity.(49) 

 

             (39) 

 

For whole blood, the stationary flow diffusivity is a modified version of the Brownian 

diffusivity (Df).(50)  This modified version accounts for hematocrit, Φ, as follows: 

 

        
   

  
 

    

 (40) 
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Additionally, the Brownian diffusivity is calculated as follows: 

 

    
   

    
 (41) 

 

where KB is the Boltzmann constant, T is the absolute temperature, η is the dynamic 

viscosity, and b is the average platelet radius.(40)  The particle diffusivity is defined as 

follows: 

 

                (42) 

 

where k and n are experimental constants, Φ is the hematocrit, a is the average red blood cell 

radius, and γ is the shear rate.(49) 

Since whole blood is a non-Newtonian fluid, the viscosity varies with shear rate.  

Therefore, diffusivity and platelet flux were not constant for the entire disk; rather, these 

values changed along the disk radius.  To determine the approximate viscosity values at each 

radial location, trendlines were fitted to the 20% Hct and 40% Hct experimental viscosity 

curves, shown in Figures 3.5.1 and 3.5.2.  The asymptotic kinematic viscosities for the 20% 

Hct and 40% Hct reconstituted blood samples neared 2.7 cSt and 3.5 cSt, respectively. 
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Figure 3.5.1 Experimental viscosity curve for 20% Hct reconstituted blood. 

 

 

 

 

Figure 3.5.2 Experimental viscosity curve for 40% Hct reconstituted blood. 
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3.6 Shear Rate Measurements 

Shear rates for both hematocrits were measured experimentally using laser Doppler 

velocimetry (LDV).  LDV is a non-invasive optical imaging technique that is used to 

measure point velocities in a fluid using the Doppler effect.  A thorough explanation of LDV 

theory is explained elsewhere.(51) Blood analogs were used to mimic the viscoelastic 

properties of the 20% and 40% Hct reconstituted blood samples.  By weight, the 40% Hct 

blood analog was made of water (33.97%), glycerin (16%), sodium iodide (50%), and 

xanthan gum (0.03%).  Similarly, the 20% Hct blood analog was made of water (34.991%), 

glycerin, (15%), sodium iodide (50%), and xanthan gum (0.009%).  One component LDV 

was used to measure the radial velocities 100 μm beneath the disk surface.  Ten thousand 

velocity measurements were made at each radial location, and data points +/- three standard 

deviations from the average were removed by filtering.  Approximately 100 points at each 

radial location (or 1% of the data) were removed.  Theoretical radial velocities at the disk 

surface were calculated using Equation 43. 

 

     (43) 

 

The shear rates, shown in Figures 3.5.3 and 3.5.4, were calculated by dividing the difference 

in velocity at the disk surface and 100 μm below the surface by the distance, 100 μm.  For 

both 20% Hct and 40% Hct, shear rate varies linearly with radial distance from the disk 

center.  The experimental shear values were used in the viscosity trendline equations to 

determine the viscosity at each location, and these values were used in the diffusivity and 

platelet flux calculations. 
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Figure 3.5.3 Experimental shear rate curve for 20% Hct reconstituted blood. 

 

 

 

 

Figure 3.5.4 Experimental shear rate curve for 40% Hct reconstituted blood. 
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Chapter 4 

Results and Discussion 

 

4.1 Interpretation of Steady Rotation Experiments 

 In this study, our goal was to better understand platelet adhesion to PUU.  PUU 

samples were mounted to the surfaces of 20 mm diameter disks and rotated in reconstituted 

whole bovine blood.  Unlike the results from previous studies that used PRP as the fluid 

medium, our results account for the presence of red blood cells.  In particular, we aimed to 

understand how hematocrit and rotation time affect platelet adhesion. Six (n=6) experiments 

were completed for each of the following experimental conditions:  20% Hct, 0.5 hour; 20% 

Hct, 1 hour; 20% Hct, 2 hour; 40% Hct, 0.5 hour; 40% Hct, 1 hour; and 40% Hct, 2 hour.  In 

the following graphs, each data point represents the average platelet count at a radial location 

(with corresponding experimental shear rate) or a time point, and the error bars represent plus 

and minus one standard error of the mean (SEM).  For all experiments, the SEMs are very 

large, suggesting the need for a greater number of experiments.  Therefore, the data is 

analyzed by comparing the average values.  Lastly, the data point furthest from the disk 

center is omitted in all graphs, as its value is influenced by edge effects.  The raw data may 

be found in Appendix A. 
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4.2 Platelet Count vs. Shear Rate 

 The theoretical platelet fluxes, calculated using Equation 38, are shown in Figure 

4.2.1.  For both hematocrits, the platelet fluxes are lowest at the disk centers and increase 

logarithmically with shear rate.  The platelet flux is greater for the 40% Hct blood than it is 

for the 20% Hct blood.    

 

 

 

Figure 4.2.1 For both hematocrits, the platelet flux is lowest at the disk center and 

increases logarithmically with shear rate. 
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After imaging the disks, we manually counted and plotted the raw platelet numbers as 

a function of experimental shear rate.  For all experimental conditions, the lowest average 

platelet count is at the disk center (except 40% Hct, 0.5 hour), and the relationship between 

platelet count and shear rate can be described by a logarithmic curve.  The 40% Hct, 2 hour 

condition is shown in Figure 4.2.2.  Above 200 s
-1

, the average platelet count remains close 

to 150 platelets, regardless of the shear rate.  No statistical significance is observed. 

 

 

 

Figure 4.2.2 The 40% Hct, 2 hour condition shows the strongest logarithmic correlation 

between platelet count and shear rate. 

 

 

A similar trend is observed for the 20% Hct, 2 hour condition, shown in Figure 4.2.3.  
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indicating that the platelet-plasma protein binding kinetics limit adhesion.  The platelet count 

at the disk center is statistically significant from all other locations. 

 

 

 

Figure 4.2.3 The 20% Hct, 2 hour condition shows a logarithmic trend similar to the 

40% Hct, 2 hour condition.  However, the 40% Hct, 2 hour condition reaches an 

asymptotic platelet count faster than the 20% Hct, 2 hour condition. 
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At 0.5 hours, a similar relationship between the 20% Hct data and the 40% Hct data 

exists.  As shown in Figure 4.2.4, the platelet counts are lowest at and near the disk center for 

both hematocrits, and at higher shear rates, they plateau.  Again, the 40% Hct condition 

reaches its plateau at a lower shear rate (400 s
-1

) than the 20% Hct condition (slightly above 

500 s
-1

), and the asymptotic platelet counts are similar for both hematocrits (about 20-35 

platelets).  For both hematocrits, the shear rates at which the platelet counts plateau are 

greater at 0.5 hours than at 2 hours.   

 

 

 

Figure 4.2.4 At 0.5 hours, both hematocrits have relatively low (<10 platelets) platelet 

counts before reaching an upper plateau.  The 40% Hct condition reaches this upper 

plateau around 400 s
-1

, and the 20% Hct condition reaches this upper plateau around 

500 s
-1

. 
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This trend, however, does not hold at 1 hour, as shown in Figure 4.2.5.  The 20% Hct 

average platelet count plateaus around 80 platelets.  The 40% Hct condition, however, stays 

relatively low for all of the radial positions.  Only at one location (7 mm from the disk 

center) does the average platelet count exceed 20 platelets.  This result is counterintuitive, as 

the higher hematocrit is expected to have greater platelet diffusivity and, consequently, more 

platelet adhesion due to the greater number of red blood cells.   This result is thought to be 

due to the inherent variability in the data.  Additional experiments should be done to further 

investigate whether or not platelet counts are truly higher for 20% Hct blood after one hour 

of rotation. 

 

 

 

Figure 4.2.5 At 1 hour, the 20% Hct condition reaches a plateau of about 75 platelets.  

The 40% Hct condition, however, does not change much in the radial direction.  
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Figures 4.2.2-4.2.5 are contrasted with Figure 4.2.6, which shows the platelet counts 

after the PUU samples (n=6) were rotated in PRP for two hours.(41)  We note that the image 

area (0.011187 mm
2
) was the same for both the PRP and the whole blood experiments, so 

raw platelet counts provide an accurate comparison.  The PRP experiments, however, had a 

higher platelet concentration (350x10
6
 platelets/mL) than did the whole blood experiments 

(250 x10
6
 platelets/mL).(41)  Unlike the whole blood experiments, the highest average 

platelet count for PRP is at the center of the disk, and the platelet count decays exponentially 

with increasing shear rate.  Above 200 s
-1

, the platelet count does not exceed 10 platelets.  

 

 

 
Figure 4.2.6 Platelet count versus shear rate for 2 hours, PRP.  Platelet counts are 

highest at the disk center, decrease exponentially with shear rate, and are an order of 

magnitude less than the whole blood counts.(41) 
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The only difference between the two hour whole blood and PRP experiments, other 

than the presence of the red blood cells, is the increased platelet concentration in the PRP 

experiments.  However, even with an increased platelet concentration, the platelet counts are 

much lower for the PRP experiments.  Therefore, it is concluded that the red blood cells are 

responsible for the increased platelet counts.  Specifically, they act through localized mixing, 

cell-cell collisions, platelet margination, or some combination of these physical mechanisms 

to increase platelet flux to the PUU surface. 

 

4.3 Platelet Count vs. Time 

 The average platelet counts at each radial location were plotted against time for the 

20% Hct (Figures 4.3.1-4.3.3) and 40% Hct (Figures 4.3.4-4.3.6) data.  At each location, the 

platelet count increased linearly with time, a result that agrees with the literature.(52, 53)  At 

all radial positions (except 6 mm) for the 20% Hct data, the R
2
 value was greater than or 

equal to 0.94, indicating a strong linear correlation.  For the 20% Hct data, the most gradual 

slope was at the disk center (m=0.0021), and the steepest slope was at 8 mm, the outermost 

radial location (m=0.0322).   
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Figure 4.3.1 Average platelet counts at central, 1 mm, and 2 mm radial positions versus 

time for 20% Hct. 

 

 

 

Figure 4.3.2 Average platelet counts at 3 mm, 4 mm, and 5 mm radial positions versus 

time for 20% Hct. 
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Figure 4.3.3 Average platelet counts at 6 mm, 7 mm, and 8 mm radial positions versus 

time for 20% Hct. 

 

  

Due to the relatively low platelet counts for the 40% Hct, 1 hour condition, the linear 

relationships are not as strong for the 40% Hct data. 
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Figure 4.3.4 Average platelet counts at central, 1 mm, and 2 mm radial positions versus 

time for 40% Hct. 

 

 

 

Figure 4.3.5 Average platelet counts at 3 mm, 4 mm, and 5 mm radial positions versus 

time for 40% Hct. 
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Figure 4.3.6 Average platelet count at 6 mm, 7 mm, and 8 mm radial positions versus 

time for 40% Hct. 

 

 

4.4 Adhesion Coefficients 
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 There are two RBC shear-mediated mechanisms that increase platelet diffusivity:  

localized mixing and cell-cell collisions.   Given their dependence on shear, it is necessary to 

compare how shear varies in Poiseuille flow, Couette flow, and flow due to a rotating disk in 

order to determine whether or not the above assumptions are accurate.  In fully developed 

Poiseuille flow of a Newtonian fluid, the parabolic velocity profile remains constant along 

the length of the tube.  Therefore, the wall shear stress also remains constant along the length 

of the tube.  However, at the tube center, the shear rate is zero, and it increases linearly, 

reaching a maximum at the wall and creating a shear gradient in the radial direction.  

Conversely, in Couette flow, the shear stress remains constant in the entire fluid domain.  In 

rotating disk flow, the shear rate increases linearly in the radial direction near the disk 

surface.  Therefore, flow due to a rotating disk appears to be more similar to Poiseuille flow, 

in that both flows exhibit a radial shear gradient.  It is possible that red blood cells behave 

similarly in these flows, as they are acted upon by varying degrees of shear.  However, as 

Couette flow also showed increased platelet diffusivity in the absence of a shear gradient, it 

cannot be concluded that a shear gradient alone is responsible for these mechanisms.  Rather, 

shear, which is described by the velocity gradient, is sufficient.  The velocity profiles for 

Poiseuille flow (parabolic) and Couette flow (linear) are different.  However, both flows 

result in increased platelet diffusivity.  Therefore, it is concluded that rotating disk flow, 

which has a linear velocity gradient in the radial direction, will have the same RBC shear-

induced effects as Poiseuille and Couette flow.         

 Platelet margination is a function of shear rate and hematocrit.  Therefore, increases 

in hematocrit should theoretically result in increases in platelet diffusivity and, consequently, 

increased platelet adhesion.  In this study, however, platelet adhesion was relatively similar 
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for both the 20% Hct and 40% Hct hematocrits.  Therefore, it is concluded that platelet 

margination either does not occur, or platelet margination occurs to such a small degree that 

it is insignificant.  This is consistent with Zydney and Colton’s analysis, which concluded 

that shear dependent mechanisms (localized mixing and cell-cell collisions) had the most 

significant effect on platelet diffusivity.(49)  Thus, this result is in agreement with their 

conclusions.  Based on the above reasoning, it is concluded that the same physical RBC 

mechanisms in Poiseuille and Couette flow are responsible for increased platelet diffusivity 

in rotating disk flow.  Therefore, the particle diffusivity described by Zydney and Colton is 

accurate. 

Figures 4.4.1 and 4.4.2 show the adhesion coefficient as a function of shear rate for 

both the 20% Hct and 40% Hct conditions after 2 hours of rotation.  The adhesion 

coefficients are plotted with the average k and n values (blue diamonds) and the 

combinations of k and n that produce the maximum (red squares) and minimum (green 

triangles) particle diffusivities.  The adhesion coefficient decreases exponentially with 

increasing shear rate for both hematocrits, but the 40% Hct data has a much stronger 

correlation.  The maximum adhesion coefficient for 20% Hct occurs at the disk center and is 

approximately 0.15%.  The maximum adhesion coefficient for 40% Hct also occurs at the 

disk center and is approximately 0.20%.  Adhesion coefficient graphs for 0.5 and 1 hours are 

included in Appendix A, as there are no trends for discussion.  
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Figure 4.4.1 Adhesion coefficient versus shear rate for 20% Hct, 2 hours. 

 

 

 

Figure 4.4.2 Adhesion coefficient versus shear rate for 40% Hct, 2 hours.  
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 The adhesion coefficient data for the PRP experiments is shown in Figure 4.4.3.  The 

maximum adhesion coefficient occurs at the disk center, as it does in the whole blood 

experiments, and it is approximately 0.70%.  This result is surprising, however, as even 

though the number of platelets adhered is much lower for PRP, the adhesion coefficient is 

much greater.  This difference is due to the diffusion coefficient calculation.  As PRP 

effectively has a 0% Hct, the particle diffusivity term drops out of the diffusivity calculation, 

and the only term that remains is the Brownian diffusivity.  Brownian diffusivity is orders of 

magnitude smaller than particle diffusivity, so the platelet flux is also order of magnitude 

smaller for the PRP experiments.  When calculating the adhesion coefficient, you must 

divide by the flux.  Therefore, you divide by a much smaller number for the PRP 

experiments.  Although the number of platelets per unit area (a term in the numerator of the 

adhesion coefficient) is an order of magnitude greater for whole blood, this does not 

compensate for the platelet flux that is multiple orders of magnitude smaller.  Therefore, a 

larger adhesion coefficient for PRP is the result. 

 

 



 
 

46 
 

 

Figure 4.4.3 Adhesion coefficient versus shear rate for PRP, 2 hours. 
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Chapter 5 

Conclusions 

 

5.1 Summary of Results 

 One of the most important conclusions from this work is that the presence of red 

blood cells greatly increases the number of platelets adhered to the PUU surface after 

rotation.  Although the RBCs do not affect the actual binding of the platelets to the adsorbed 

plasma proteins, they increase the transport of the platelets to the plasma proteins, making 

them more readily available for binding.  Because the number of adhered platelets was an 

order of magnitude greater in the whole blood experiments than it was in the PRP 

experiments, it will be important to use whole blood in any future experiments to more 

accurately study platelet adhesion. 

Secondly, the results from this study demonstrate that increases in shear rate and 

rotation time have a greater effect on the number of adhered platelets than increases in 

hematocrit.  The platelet count versus shear rate data demonstrate that the raw number of 

platelets adhered to the PUU surface increases logarithmically with increasing shear rate.  

This trend is mirrored by the platelet flux data, which show logarithmic increases in platelet 

flux with increasing shear rate.  Additionally, the platelet count versus shear rate data show 

that increasing the hematocrit from 20% to 40% does not drastically increase the number of 

adhered platelets, as both conditions reached similar plateau platelet counts at higher shear 

rates for 0.5 and 2 hours.  Although there is a difference at 1 hour, this is thought to be due to 

variability in the data.  Because increasing hematocrit does not increase platelet adhesion, it 

is concluded that platelet margination either does not occur or that it occurs to such a small 
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degree that its effects are insignificant.  Rather, increased platelet adhesion is a function of 

shear only, suggesting that localized RBC mixing and cell-cell collisions are responsible for 

increased platelet adhesion.  Lastly, the platelet count versus time data demonstrate that the 

raw number of platelets adhered to the PUU surface increases linearly with rotation time. 

 

5.2 Future Studies 

 Due to the variability in all of the data, one option for a future study would be to 

repeat the experiments in order to more soundly determine the trends.  This will be especially 

important for the 40 Hct, 1 hour data, which showed lower numbers of adhered platelets 

compared to the 20% Hct condition.  It is estimated that approximately nine (n=9) studies 

will be needed to detect a difference of 75 platelets with a standard deviation of 50 and a 

power of 0.85.  Also, since the Penn State 50 cc device is a pulsatile VAD, another option for 

a future study is to use a pulsatile, rather than steady, waveform.  Future studies should also 

be done to support the reasoning that the Zydney and Colton diffusion calculation is 

appropriate for the rotating disk.  This will likely require experimentally measuring that 

diffusivities or determining how the red blood cells behave in the flow field using an optical 

imaging technique.    Furthermore, it should be determined whether platelet adhesion is 

solely a function of physical parameters, such as shear rate, or whether chemical parameters 

also influence platelet adhesion.  It would be interesting to determine whether the adhered 

platelets were also activated.  If activated, then it is possible that factors other than shear rate, 

hematocrit, and rotation time, such as platelet-platelet interactions and the secretion of bulk 

phase agonists and coagulation cascade cofactors, are responsible for platelet adhesion. 
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APPENDIX A 

 

 

Shear 

Rate 

(s^-1) 

R1 

D1 

R2 

D1 

R3 

D1 

R1 

D2 

R2 

D2 

R3 

D2 

R1 

D3 

R2 

D3 

R3 

D3 

R1 

D4 

R2 

D4 

R3 

D4 

R1 

D5 

R2 

D5 

R3 

D5 

R1 

D6 

R2 

D6 

R3 

D6 

10 1 - - 3 - - 3 - - 4 - - 0 - - 1 - - 

91.36 4 1 1 7 2 20 2 6 1 0 0 3 3 0 3 0 2 0 

199.72 2 5 2 15 7 19 1 2 15 2 0 0 2 1 2 0 2 1 

286.08 0 6 0 5 12 20 2 9 1 1 0 1 0 1 0 0 0 0 

381.44 4 7 0 7 5 9 0 2 4 1 1 0 0 1 4 0 2 2 

482.8 11 0 1 2 19 0 1 5 11 0 0 0 25 0 15 1 1 2 

529.16 22 1 8 2 5 0 0 0 9 14 2 7 121 0 354 0 0 6 

626.52 12 0 1 6 2 52 1 1 0 1 15 9 4 2 268 0 0 1 

722.88 - 27 0 0 0 2 0 0 2 1 4 11 78 3 101 0 0 0 

755.24 - 11 1 0 0 2 0 0 0 0 0 0 1 0 36 1 0 0 

 

Table A.1 Raw platelet counts for 20% Hct for 0.5 hours. 

 

Shear Rate (s^-1) Average St. Dev. SEM 

10 2 1.549193 0.632456 

91.36 3.055556 3.342764 1.364678 

199.72 4.333333 4.966555 2.027588 

286.08 3.222222 4.698305 1.918075 

381.44 2.722222 2.322993 0.948358 

482.8 5.222222 4.754725 1.941108 

529.16 30.61111 62.65972 25.58072 

626.52 20.83333 35.28849 14.40647 

722.88 13.47222 23.67709 9.666132 

755.24 3.222222 5.027333 2.0524 

 

Table A.2 Average platelet counts for 20% Hct for 0.5 hours with standard deviation 

and SEM. 
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Figure A.1 Platelet count versus shear rate for 20% Hct for 0.5 hours. 
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Shear 

Rate 

(s^-1) 

R1 

D1 

R2 

D1 

R3 

D1 

R1 

D2 

R2 

D2 

R3 

D2 

R1 

D3 

R2 

D3 

R3 

D3 

R1 

D4 

R2 

D4 

R3 

D4 

R1 

D5 

R2 

D5 

R3 

D5 

R1 

D6 

R2 

D6 

R3 

D6 

22 9 - - 5 - - 0 - - 0 - - 2 - - 5 - - 

38.372 3 0 1 11 13 13 1 2 2 0 0 2 2 5 1 42 5 15 

122.74 0 0 7 6 6 5 1 0 1 0 0 0 1 1 2 4 1 4 

207.12 0 8 0 52 13 2 3 1 0 1 1 0 1 2 0 5 5 19 

305.49 0 5 0 95 3 0 0 1 1 0 0 0 4 0 0 24 11 4 

401.86 0 0 0 482 133 2 0 1 0 1 1 1 8 0 0 6 11 11 

517.23 0 0 0 335 4 4 1 0 5 0 0 0 0 0 1 29 47 0 

611.61 0 0 0 414 3 82 0 2 1 0 0 0 0 1 0 5 20 23 

715.98 0 0 1 457 108 2 0 0 0 1 2 0 0 0 0 7 10 24 

866.35 0 0 0 463 23 5 0 1 0 0 0 2 0 0 0 85 198 2 

 

Table A.3 Raw platelet counts for 40% Hct for 0.5 hours. 

 

Shear Rate (s^-1) Average St. Dev. SEM 

22 3.5 3.507136 1.431782 

38.372 6.555556 8.16678 3.334074 

122.74 2.166667 2.030326 0.828877 

207.12 6.277778 8.556782 3.493292 

305.49 8.222222 12.92657 5.277251 

401.86 36.5 82.9465 33.86277 

517.23 23.66667 45.51337 18.58075 

611.61 30.61111 66.7857 27.26515 

715.98 34 76.12212 31.07673 

866.35 43.27778 70.1064 28.62082 

 

Table A.4 Average platelet counts for 40% Hct for 0.5 hours with standard deviation 

and SEM. 
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Figure A.2 Platelet count versus shear rate for 40% Hct for 0.5 hours. 
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Shear 

Rate 

(s^-1) 

R1 

D1 

R2 

D1 

R3 

D1 

R1 

D2 

R2 

D2 

R3 

D2 

R1 

D3 

R2 

D3 

R3 

D3 

R1 

D4 

R2 

D4 

R3 

D4 

R1 

D5 

R2 

D5 

R3 

D5 

R1 

D6 

R2 

D6 

R3 

D6 

10 5 - - 7 - - 6 - - 4 - - 2 - - 2 - - 

91.36 2 18 25 25 18 2 5 4 5 70 84 55 4 3 3 112 28 74 

199.72 6 27 48 12 13 6 17 16 13 163 163 174 2 2 1 3 10 31 

286.08 1 61 51 5 4 1 4 0 11 202 172 217 2 0 0 64 5 114 

381.44 0 149 46 10 3 64 3 8 0 212 252 302 11 1 1 302 3 6 

482.8 0 104 9 38 7 74 4 12 0 276 285 302 3 0 1 8 13 53 

529.16 0 106 28 5 28 22 2 9 0 258 276 372 0 3 0 266 6 0 

626.52 0 5 25 25 6 41 5 4 37 357 299 492 0 1 0 21 333 7 

722.88 2 217 24 31 0 36 0 15 11 254 209 435 0 0 0 312 194 1 

755.24 0 3 0 21 0 0 0 0 1 288 101 - 2 1 0 64 221 0 

 

Table A.5 Raw platelet counts for 20% Hct for 1 hour. 

 

Shear Rate (s^-1) Average St. Dev. SEM 

10 4.333333333 2.065591118 0.843274043 

91.36 29.83333333 31.88921796 13.01871872 

199.72 39.27777778 62.94456703 25.69701188 

286.08 50.77777778 75.51825877 30.83020004 

381.44 76.27777778 95.86249798 39.13570092 

482.8 66.05555556 109.7296509 44.79694241 

529.16 76.72222222 115.2842702 47.06460624 

626.52 92.11111111 148.941848 60.80525481 

722.88 96.72222222 117.6139479 48.01569317 

755.24 49.80555556 80.02849608 32.67149671 

 

Table A.6 Average platelet counts for 20% Hct for 1 hour with standard deviation and 

SEM. 
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Figure A.3 Platelet count versus shear rate for 20% Hct for 1 hour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

y = 18.68ln(x) - 46.073 

R² = 0.7286 

0 

50 

100 

150 

200 

250 

0 100 200 300 400 500 600 700 800 

P
la

te
le

t 
C

o
u

n
t 

Shear Rate (s-1) 



 
 

60 
 

 

Shear 

Rate 

(s^-1) 

R1 

D1 

R2 

D1 

R3 

D1 

R1 

D2 

R2 

D2 

R3 

D2 

R1 

D3 

R2 

D3 

R3 

D3 

R1 

D4 

R2 

D4 

R3 

D4 

R1 

D5 

R2 

D5 

R3 

D5 

R1 

D6 

R2 

D6 

R3 

D6 

22 1 - - 2 - - 0 - - 1 - - 2 - - 2 - - 

38.372 11 6 4 2 5 0 4 2 3 3 2 3 5 0 3 2 0 3 

122.74 0 17 14 2 2 3 5 3 2 1 2 3 5 0 0 1 1 2 

207.12 1 29 0 0 1 0 2 4 3 1 0 0 4 8 9 3 3 0 

305.49 81 0 1 0 5 2 0 2 2 0 0 1 0 43 42 2 0 0 

401.86 3 95 88 0 11 0 7 0 2 0 0 0 0 32 61 0 0 0 

517.23 3 103 2 0 8 5 0 1 0 1 0 0 11 0 0 0 0 0 

611.61 0 335 12 2 1 14 2 0 0 0 0 0 0 14 0 1 0 0 

715.98 4 170 17 3 0 5 0 0 0 0 0 0 0 0 0 1 1 0 

866.35 0 4 4 0 1 0 0 0 0 0 0 0 1 0 0 1 0 2 

 

Table A.7 Raw platelet counts for 40% Hct for 1 hour. 

 

Shear Rate (s^-1) Average St. Dev. SEM 

22 1.333333333 0.816496581 0.333333333 

38.372 3.222222222 1.905158689 0.777777778 

122.74 3.5 3.417276368 1.395097235 

207.12 3.777777778 3.913887903 1.597838046 

305.49 10.05555556 13.79116733 5.630220486 

401.86 16.61111111 25.18678372 10.2824614 

517.23 7.444444444 14.11329817 5.76172985 

611.61 21.16666667 46.35742779 18.92534064 

715.98 11.16666667 25.74037037 10.5084622 

866.35 0.722222222 1.020167016 0.41648144 

 

Table A.8 Average platelet counts for 40% Hct for 1 hour with standard deviation and 

SEM. 
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Figure A.4 Platelet count versus shear rate for 40% Hct for 1 hour. 
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Shear 

Rate 

(s^-1) 

R1 

D1 

R2 

D1 

R3 

D1 

R1 

D2 

R2 

D2 

R3 

D2 

R1 

D3 

R2 

D3 

R3 

D3 

R1 

D4 

R2 

D4 

R3 

D4 

R1 

D5 

R2 

D5 

R3 

D5 

R1 

D6 

R2 

D6 

R3 

D6 

10 4 - - 19 - - 23 - - 3 - - 31 - - 2 - - 

91.36 81 66 56 151 2 54 2 18 13 10 1 17 44 65 26 123 123 73 

199.72 0 81 250 63 5 108 1 48 95 43 144 61 103 62 32 199 207 0 

286.08 0 16 174 312 308 38 110 0 0 275 219 384 101 6 160 199 126 229 

381.44 1 81 237 399 126 283 144 215 2 55 327 240 139 160 186 126 174 274 

482.8 6 48 5 316 10 501 48 106 27 32 234 119 62 16 410 283 0 231 

529.16 1 141 35 60 94 311 2 91 4 12 38 368 16 72 2 176 30 367 

626.52 68 4 68 96 520 206 0 28 0 259 0 590 191 212 199 282 1 286 

722.88 17 380 325 341 527 465 34 0 1 7 0 51 236 17 581 35 7 262 

755.24 3 0 226 357 482 484 5 341 0 41 0 0 0 36 0 0 1 54 

 

Table A.9 Raw platelet counts for 20% Hct for 2 hours. 

 

Shear Rate (s^-1) Average St. Dev. SEM 

10 13.66667 12.32342 5.031015 

91.36 51.38889 37.50936 15.31313 

199.72 83.44444 33.47348 13.66549 

286.08 147.6111 100.4042 40.98983 

381.44 176.0556 60.14258 24.5531 

482.8 136.3333 90.31427 36.87064 

529.16 101.1111 69.28994 28.2875 

626.52 167.2222 114.7962 46.86534 

722.88 182.5556 169.3846 69.15097 

755.24 112.7778 166.1105 67.81433 

 

Table A.10 Average platelet counts for 20% Hct for 2 hours with standard deviation 

and SEM. 

 



 
 

63 
 

 

Figure A.5 Platelet count versus shear rate for 20% Hct for 2 hours. 
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Shear 

Rate 

(s^-1) 

R1 

D1 

R2 

D1 

R3 

D1 

R1 

D2 

R2 

D2 

R3 

D2 

R1 

D3 

R2 

D3 

R3 

D3 

R1 

D4 

R2 

D4 

R3 

D4 

R1 

D5 

R2 

D5 

R3 

D5 

R1 

D6 

R2 

D6 

R3 

D6 

22.00 10 - - 2 - - 23 - - 2 - - 132 - - 2 - - 

38.37 9 3 7 4 19 21 38 51 20 73 15 43 216 16 38 100 156 198 

122.74 30 4 3 4 1 32 11 47 28 19 103 72 209 426 259 291 330 344 

207.12 12 71 29 20 1 41 60 2 55 268 75 200 19 395 386 338 383 337 

305.49 1 4 15 2 47 40 2 8 50 137 73 95 124 505 372 356 315 375 

401.86 5 0 158 14 12 66 14 0 0 61 44 172 458 349 471 335 469 156 

517.23 4 7 150 8 19 1 39 0 10 13 246 62 399 294 429 480 177 473 

611.61 3 0 169 4 17 11 16 1 9 29 29 167 574 361 349 592 348 45 

715.98 0 0 0 7 0 15 2 11 2 2 150 249 532 502 297 513 148 371 

866.35 1 0 0 64 9 0 0 0 11 13 2 246 163 384 563 673 482 624 

 

Table A.11 Raw platelet counts for 40% Hct for 2 hours. 

 

Shear Rate (s^-1) Average St. Dev. SEM 

22 28.5 51.36438 20.96942 

38.372 57.05556 54.68431 22.32478 

122.74 122.9444 146.2116 59.69065 

207.12 149.5556 139.5612 56.97561 

305.49 140.0556 159.2917 65.03056 

401.86 154.6667 174.8057 71.36412 

517.23 156.1667 173.2678 70.73627 

611.61 151.3333 180.3758 73.6381 

715.98 155.6111 193.8209 79.12706 

866.35 179.7222 246.1395 100.486 

 

Table A.12 Average platelet counts for 20% Hct for 2 hours with standard deviation 

and SEM. 
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Figure A.6 Platelet count versus shear rate for 40% Hct for 2 hours. 
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Figure A.7 Adhesion coefficient versus shear rate for 20% Hct, 0.5 hours. 

 

 

 

Figure A.8 Adhesion coefficient versus shear rate for 40% Hct, 0.5 hours. 
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Figure A.9 Adhesion coefficient versus shear rate for 20% Hct, 1 hour. 

 

 

 

Figure A.10 Adhesion coefficient versus shear rate for 40% Hct, 1 hour.
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