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ABSTRACT
Platelet adhesion to an artificial surface is a key event in thrombus development
for cardiovascular devices. Polyurethane urea (PUU) is one widely used biomaterial in
the medical device industry today due to its desirable mechanical and blood compatibility
properties. The goal of the present work is to test the platelet adhesion properties of PUU
under simulated physiologic conditions. A rotating disk system (RDS) is used to deliver
a “cardiac pulse” to a stainless steel disk with PUU attached to the bottom surface. This
pulse simulates the mean velocities typically seen at the inlet of a left ventricular assist
device during the cardiac cycle. Using a rotating disk provides a well-defined flow that
spans a large shear rate range. The metal disk and material rotate in platelet rich plasma
(PRP)

obtained

from

bovine

blood.

Platelet

adherence

is

quantified

by

immunofluorescent labeling using CAPP2A mouse anti-bovine αIIbβ3 antibody and
Alexa-Fluor 488 donkey anti-mouse IgG. Two approaches were used to identify shear
rates with high levels of platelet adhesion. The first method applied a cardiac pulse
continuously to a 15 mm disk for 2 hr. The average adhesion coefficient (AC%) was
0.60% at the center, which is comparable to the values seen for a steady 2 hr rotation at
283 rpm (AC% = 0.36%). In the second study, platelets were pre-adhered to the material
surface and a cardiac pulse was applied continuously for 30 min. At the disk center, 33%
of the original platelet number remained following the 30 min pulse.

This value

decreased to 10% at 300 s-1 (3 mm radius) and 5% at 840 s-1 (8 mm radius). Steady
rotation and cardiac pulse experiments all showed low platelet adhesion for shear rates
higher than 500 s-1. This is the highest shear rate at which a platelet can adhere to a
polyurethane surface and is a current standard for many cardiovascular applications.
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CHAPTER 1
Introduction
Cardiovascular disease (CVD) accounted for approximately 34.3% of all deaths in
the United States in 2006.1

According to the American Heart Association, CVD

consistently remains the leading cause of death each year, claiming more than 830,000
lives1. Types of CVD include: high blood pressure, coronary heart disease, heart failure,
stroke, and congenital cardiovascular defects. While some estimate that over 50,000
people could benefit from a new heart, less than 2,200 heart transplantations were
performed in the United States in 2008.1, 2 The mean waiting time for a transplant was
304 days in 1998. 3

In response to insufficient organ availability and prolonged

transplantation waiting times, mechanical heart replacements have become a treatment
option for people suffering from advanced heart failure.
The first ventricular assist device (VAD) was designed to function as a “bridgeto-transplant” and was approved by the Food and Drug Administration in 1994. A left
ventricular assist device (LVAD) was developed to augment the function of the left
ventricle, which performs approximately eighty percent of the heart’s work, pumping
blood from the heart to the body’s extremities. In addition to successfully carrying
patients through to transplantation, studies found that LVADs reduced strain on the
patient’s heart, sometimes providing the organ with the time necessary to recover partial
function. 4

Additionally, the use of LVADs for heart failure treatment broadened,

becoming “an acceptable alternative therapy in selected patients who are not candidates
for cardiac transplantation”. 5 This shifted the design focus from a temporary “bridge-totransplant” device to a long-term artificial implant.

1

Although LVADs are a more successful treatment option compared to drug
therapy, they still only offer a 30% 2-year survival rate. 6

Sepsis, infection,

thromboembolic incidents, and bleeding are all major causes of device failure.3
Additionally, patients must permanently remain on anticoagulation therapy, which
sometimes results in bleeding complications. Imperfect biocompatibility and undesirable
flow features result in red blood cell damage as well as platelet activation leading to
thrombus development and the potential for embolism. Thromboembolic complications
occur in 3-35% of all bridge-to-transplant patients.6

Although hemolysis testing

continues to be used as a standard evaluation procedure for LVAD performance, it is now
recognized that platelet activation and thrombosis measurements are perhaps a more
crucial efficacy test.6

1.1 Penn State Left Ventricular Assist Device
The Penn State 70 cc left ventricular assist device, commercially known as the
LionHeart™, is an electrically driven pusher plate blood pump. Unlike either centrifugal
or axial pumps, which produce continuous flow, the LionHeart™ is a positive
displacement pump that creates a physiological pulsatile flow. Over 250 have been
implanted worldwide with a success rate of 90%.7 However, a 50 cc scaled down model
of this pump has encountered significant thromboembolic events, which are attributed to
a change in the flow field. Thrombus formation is believed to be associated with regions
of low wall shear, such as recirculation and stagnant zones, and high residence times that
enable thrombus deposition. Also, low near-wall velocities or flow separation allow
plasma proteins to adsorb to the material surface, mediating platelet adhesion. 8
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Additionally, platelet activation near the valves is attributed to high wall shear,
regurgitant jets, and turbulence.9
Studies have previously been performed and are currently underway to better
understand the 50 cc LVAD. Particle image velocimetry (PIV), a flow visualization
technique, is one means of mapping the flow field under physiologic conditions and also
measuring wall shear rate, which is used to determine thrombus formation
potential.10,11,12,13 Specifically, one study performed PIV measurements over 3 planes of
the 50 cc LVAD and showed that low wall shear rates (< 250 s-1) exist in the front wall of
the bottom chamber, indicating that this may be a region susceptible to thrombus
formation.14 Computational fluid dynamic (CFD) studies have also been performed to
better understand the fluid mechanics of the 50 cc pump. Results from CFD studies
correlate well with in vitro PIV data.9,15 Additionally, other research has been performed
using PIV to study the 12 cc Penn State pulsatile pediatric LVAD, which is also
susceptible to thrombus formation.16,17,18,19

1.2 Polyurethane Biocompatibility
Biocompatibility may be defined as the “ability of a material to perform with an
appropriate host response in a specific application”.20 Extensive consideration and study
has been devoted to understanding the complex interaction between biomaterials and the
human body.

Often for cardiovascular devices, one of the main concerns is

hemocompatability, or how appropriately the device responds to contact with blood.
When a biomaterial contacts blood, a thin layer of plasma proteins adsorb to the
surface within seconds of exposure. Consecutive protein layers form over this initial
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layer until the furthest adsorbed protein layer is in dynamic equilibrium with the
surrounding solution. The formation of this initial layer assists in the adhesion of other
proteins and cells though hydrogen bonding and ionic interactions. 21 Four important
adhesion proteins in blood plasma are: fibrinogen (3.0 mg/ml plasma), fibronectin (0.3
mg/ml plasma), vitronectin (0.3 mg/ml plasma), and von Willebrand factor (0.05 mg/ml
plasma). Adsorption of these proteins to a biomaterial surface has been shown to enable
platelet adhesion through platelet receptors GPIIb/IIIa, GP Ib-IX, αvβ3, and α5β1. 22
Fibrinogen is thought to be the most important of these adhesion proteins in mediating
platelet adhesion to an artificial surface.23
Platelets are anuclear discoid cells approximately 2-4 µm in diameter and are
responsible for controlling body hemostasis. The average concentration of platelets in
blood is between 150 x 106 to 450 x 106 platelets/ml. 24 Platelet activation may occur
upon infliction of a wound that exposes collagen to the bloodstream, as a response to
foreign material in the body, as a result of a bulk phase agonist, or in response to
mechanical stresses. Physiologic shear rates in the body range from 100 s-1 in the venous
system to 2500 s-1 in the arteriole. Upon activation, platelets may release agonists and
initiate a coagulation cascade. Platelet activation also increases both generation of the
protein thrombin and platelet aggregation. This is an initial step in thrombus formation.22
A thrombus is a clot, often consisting of platelets, fibrin, and trapped cells. Development
of thrombi is potentially very dangerous because it may occlude a vessel or disrupt
normal flow, creating harmful turbulence. Another risk is clot embolization, where the
thrombus dislodges from the wall and travels downstream, potentially leading to tissue
ischemia. The body will always exhibit some form of reaction to an artificial surface.
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However, a material that either reduces the ability of platelets to adhere to the surface or
reduces the potential for platelet activation could have many potential applications to
cardiovascular devices.
Polyurethanes are an excellent candidate for many medical applications due to
their wear-resistant mechanical properties, and suitability for a wide range of
applications.

Polyurethanes are currently used in a large number of cardiovascular

devices including: shunts, catheters, and left ventricular assist devices (LVADs).25
Thermoplastic polyurethanes are block copolymers consisting of alternating hard and soft
segments. 25 Biospan MS/0.4 (Polymer Technology Group), the material used in this
study, has a methylenediisocyanate hard segment, a polytetramethlyene oxide soft
segment, and an ethylene diamine chain extender. The chain extender has an endcap of
2000 molecular weight poly-(dimethlysiloxane) at 0.4% by weight.26

1.3 Platelet Adhesion Studies
Previous studies have been performed to evaluate platelet adhesion to a
biomaterial surface.

In 1986, Hubbell and McIntire studied thrombogenesis with

collagen, polyurethane, and nylon.27 This study used an idealized setup; a parallel plate
model with steady flow of whole blood at constant shear rates of either 100 s-1, 500 s-1, or
1000 s-1. Results showed that at 100 s-1 many small to moderate size thrombi (composed
of 2-20 platelets) adhered to the polyurethane surface. Although most of these quickly
embolized at a rate of 0.25/(1000 µm2/min), some thrombi were able to maintain stable
surface bonds. At low shear rates, platelet-surface interaction is believed to be diffusion
limited. Even though platelet deposition is low, the rate of embolus formation at 100 s-1
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is high. In comparison, at a higher shear rate of 500 s-1, individual platelet deposition
increased to 2.5/(1000 µm2/min). However, these single platelets only adhered to the
polyurethane surface for approximately 1 second before detaching. There were no stable
thrombi on the polyurethane surface and few large emboli formed.27

Thus, it was

hypothesized that platelets are unable to form stable surface bonds at shear rates higher
than 500 s-1. A study by Balasubramanian et al. in 2002 reported similar findings to those
of Hubbell and McIntire.28 This study tested polyethylene, polytetrafluoroethylene, and
silicon rubber at shear rates of 0 s-1, 200 s-1, 500 s-1, and 1000 s-1. All three polymers
exhibited minimal platelet adhesion values at 1000 s-1, and stated that “even if the
platelets made contact with the surface, it may be very transient in nature, as the attached
platelets do not form bonds strong enough with their ligand to withstand the continuous
force.”28
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CHAPTER 2
Rotating Disk Flow Theory and Applications
2.1 Introduction
Physically, the flow within the boundary layer of a rotating disk is determined by
viscous stresses, which cause the fluid to rotate with the surface. No radial pressure
gradient is present to provide an inward acceleration, so the fluid next to the surface
spirals outward.

This induces an axial flow inward, satisfying mass conservation

principles.33
Flow due to an infinite disk rotating in an infinite medium was originally solved
by von Karman in 1921 29 and then solved numerically by Cochran in 1934.30 Velocity
assumptions allow the Navier-Stokes equation to be reduced to a set of ordinary, nonlinear differential equations that are also equal to the boundary-layer equations.
Numerical integration yields an exact solution to the Navier-Stokes equation. 31
For an incompressible, non-steady, and axial symmetric flow, the continuity
equation and Navier-Stokes equation reduce to:

(ru)r + (rw)z = 0
ut + uur + wuz – r-1v2 = -ρ-1pr + ν [urr + (r-1u)r + uzz]

(1)
(2)

vt + uvr + r-1uv + wvz = ν [vrr + (r-1v)r + vzz]

(3)

wt + uwr + wwz = - ρ-1pz + ν [wrr +r-1wr + wzz]

(4)

where u, v, and w are radial, tangential, and axial velocities, respectively. r is radial
distance, ρ is fluid density, and ν is kinematic viscosity. The three boundary conditions
for a rotating disk at t = 0 are:
7

1. t = 0;

u=v=w=0

2. z = 0;

u = w = 0;

3. z = ∞;

u=v=0

v=rΩ

where Ω is the angular velocity. Notice that as z goes to infinity, the radial and tangential
velocity approach zero. The von Karman functional forms of the velocity and pressure
field are:

u (r, z) = r Ω F(ζ)

(5)

v (r, z) = r Ω G(ζ)

(6)

w (z) = (ν Ω)1/2 H(ζ)

(7)

p (z) = - ρ ν Ω P(ζ)

(8)

Transforming Equations 1 - 4 using Equations 5 – 8, and solving as discussed by Benton
in 1966, produces the following equations, which can be used to calculate the three
velocity components and pressure 32

G(ζ) = c2g(λ)

(9)

H(ζ) = - c + c h(λ)

(10)

c = 0.88447
g(λ) = a1 λ+a2 λ2+a3 λ3+…

(11)

h(λ) = b1 λ+b2 λ2+b3 λ3+…

(12)

λ = e –c ζ

(13)

ζ = (Ω/ν)1/2 z

(14)
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(15)

Since this experiment is primarily concerned with the flow directly next to the
disk, only theoretical tangential velocities were calculated for various distances, z, away
from the rotating disk surface.

2.2 Shear Rate Calculation
Shear stress in the boundary layer of a rotating disk is the vector sum of radial and
circumferential components and increases linearly with radial distance. Shear stress was
calculated using the following equation 33 :

τs = 0.8 η x (ω3/ν)1/2

(16)

where η is the dynamic viscosity of the medium, x is the radial distance (cm), ω is the
radial velocity (rad/s), and ν is the kinematic viscosity. Assuming a Newtonian fluid,
shear rate was calculated by dividing shear stress by the fluid viscosity. Eq. 16 is based
on three assumptions: 1) the disk is infinitely large and rotating in an infinite medium, 2)
steady state conditions apply, and 3) laminar flow exists in the boundary layer at the
biomaterial surface.
For our application, some of these assumptions may not be suitable. Based on the
average platelet diameter (2 - 4 µm) in comparison to the disk diameter (15 mm or 20
mm), the infinite disk/infinite medium assumption seems valid.

The steady state

assumption is valid for steady rotation cases, but not for dynamic cases, such as the
9

cardiac pulse.

Determining if laminar flow exists within the boundary layer is an

assumption that required verification using Laser Doppler Velocimetry, which is further
explained in Section 3.9 with results discussed in Section 4.1.

2.3 Rotating Disk Studies
Rotating disk studies have several desirable features. The flow associated with
disk rotation has been studied extensively and provides a well-defined flow field. Also,
using a disk allows you to study a large shear rate range since velocity increases linearly
with radial distance. One previous biomedical application of a rotating disk system
measured the platelet mediated adhesion of staphylococcus epidermis to a hydrophobic
polymer surface.33 This study used a rotating disk system, similar to the one used here, to
measure the adhesion coefficient of bacteria over a shear rate range of 0 – 4867 s-1.
Similarly, platelet adhesion studies using a rotating disk system were performed by
Milner et al. in 2005.26 This study determined the adhesion properties of platelets to
smooth and submicron textured polyurethane urea under a physiological shear rate range
of 0 to 4467 s-1. Platelet adhesion to smooth PUU after 2 hr was found to be greatest in
the region of 0 s-1 to 333 s-1.26 Higher shear rates showed minimal platelet attachment.

2.4 Overview
In this work, we expand the knowledge of platelet adhesion to polyurethane urea
by focusing on the effect of actual cardiac flow from the Penn State 50 cc LVAD as
opposed to past studies, which focused on steady state flow or rotation. This cardiac flow
waveform was used to drive a rotating disk system in platelet rich plasma obtained from
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bovine blood. The rotating disk system provided platelet adhesion data over a wide shear
rate range (0 to 4900 s-1). Steady rotation at 1000 rpm and 283 rpm both showed an
adhesion coefficient of 0.36% at the disk center followed by an exponential decrease with
shear rate. Cardiac pulse experiments showed larger platelet adhesion at the disk center
(AC% = 0.60%) and both steady rotation and cardiac pulse experiments showed low
platelet adhesion values at shear rates higher than 500 s-1. Pre-adhesion studies were
performed to determine the percentage of initial platelets remaining after a cardiac pulse
was applied continuously for 30 min. Thirty-three percent remained at the disk center
and this value decreased to 10% at 300 s-1 and 5% at 840 s-1.
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CHAPTER 3
Methods
3.1 Rotating Disk System
The rotating disk system (RDS) is shown in Figure 3.1. The RDS motor and shaft
(Pine Instruments, Inc, Grove City, PA) are attached to a threaded adaptor that connects
to the stainless steel disk (Skytop Machine & Tool, Inc, Port Matilda, PA). Steady
rotation speeds can be manually controlled by an adjustment knob on the front panel of
the RDS motor. The RDS motor maintains speed to within 1% of the reading and
accelerates from 0 to 1000 rpm in 4 msec. The maximum shaft speed for this instrument
is 10,000 rpm. Other input signals, such as the cardiac pulse signal, can be programmed
into the function/arbitrary waveform generator 33220A (Agilent Technologies, Santa
Clara, CA) that connects to the RDS motor.
The stainless steel disks are 7.6 mm thick with a diameter of either 15 mm or 20
mm. Concentric 1 mm circles are inscribed on the bottom surface of the disk along with
six radial lines each separated by 60° as shown in Figure 3.1. These inscriptions allowed
us to easily find any radial distance on the disk surface. Also, taking pictures only at the
intersection between radial lines and concentric circles minimizes any bias. The PUU
material is attached to the bottom of the disk using double-sided poster tape. The disk is
immersed in a 100 ml polytetrafluoroethylene (PTFE) beaker containing 50 ml PRP so
that approximately 3 mm of the disk thickness is in the suspension. The 100 ml beaker is
4.5 cm in diameter and has a height of 6 cm. A hot plate underneath the beaker maintains
PRP temperature at 30°C during experiments.
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Function
Generator
Cardiac Pulse Signal

RDS motor

Bottom of metal disk (15 or 20 mm dia.)
inscribed with concentric circles 1 mm
apart

RDS shaft
Steel Threaded
Adaptor
Adapter
15 or 20 mm
dia. PUU

50 ml PRP in
100 ml PTFE cup

Hot plate, 30 C

Figure 3.1 Setup for RDS experiment. The RDS motor is used to control the
rotational speed of the shaft which is connected to a stainless steel metal disk
through a steel threaded adaptor. The metal disk has a diameter of either 15 mm or
20 mm and the bottom of the disk is inscribed with concentric circles that are 1 mm
apart and six radial lines separated by 60°. The PUU material is attached to the
bottom of the metal disk using double-sided tape. This disk is lowered into 50 ml
PRP so that it is immersed 3 ml in the suspension.

3.2 Polyurethane Urea Fabrication and Preparation
All PUU samples for our experiments were prepared at Hershey Medical Center
using a protocol modified from Milner et al.26

PUU samples were created by

successively spin casting and curing 18% Biospan MS/0.4 on a smooth PDMS mold three
times. This was done to slowly increase the thickness of the film, while maintaining
material smoothness and reducing bubble formation. A diagram of the process is shown
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in Figure 3.2. The first layer is spun cast at 1500 rpm for 60 s to create a very thin and
smooth layer. The second layer was created by spin casting at 800 rpm for 60 s and the
third layer was done at 400 rpm. After spin casting each layer, the sample was cured
overnight in a vacuum at room temperature. The original protocol from Milner et al.
used only one spin casting at 500 rpm for 60 s to create a single thin layer of PUU
sample.
A heat-treated stamp (15 mm or 20 mm in diameter) was used to cut circular
pieces of PUU. The material was mounted to the metal rotating disk using double-sided
poster tape. The PUU material and metal disk were immersed in 250 ml deionized water
for 24 hrs prior to the start of the experiment. This removed low molecular weight
oligomers.

Figure 3.2 Smooth PUU samples are created by spin casting and curing Biospan
MS/0.4 three times.
14

3.3 Plasma Preparation
Approximately 400 ml of bovine blood was drawn from the jugular vein into a
transfer bag using a 16 G needle (IACUC# 31641). The transfer bag was filled with the
anticoagulant sodium heparin (Sigma-Aldrich, St Louis, MO) so that the final heparin
concentration equaled 3 U/ml blood after the blood draw.
Eight 45 ml blood aliquots were prepared in 50 ml centrifuge tubes. The samples
were centrifuged at 600 G for 13 min. Centrifuge acceleration and deceleration times
were approximately 90 s and 210 s, respectively. Long times were selected to ensure the
best plasma separation and also to minimize platelet activation. The top layer of platelet
rich plasma (PRP) was removed using a 25 ml autopipette and the remaining blood was
centrifuged at 1500 G for 20 min to obtain platelet poor plasma (PPP) (Figure 3.3). It
was important to not disturb the red blood cells while removing the top plasma layer.

Figure 3.3 Whole blood is centrifuged in 50 ml tubes at 600 G and 25°C for 13 min.
The top plasma layer (PRP) is removed and the remaining blood is centrifuged at
1500 G for 20 min. Long acceleration (90 s) and deceleration (210 s) times are used
to ensure good plasma separation and minimize platelet activation.
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After PRP and PPP samples were collected and combined into a single 50 ml
centrifuge tube, a platelet count was determined using Guava Personal Cell Analysis
System and CytoSoft software (Millipore Corp., Billerica, MA), a cell count program for
flow cytometry. Prior to analysis, the sample was diluted by a factor of 100 since pure
PRP is typically too concentrated to obtain an accurate count.
Once a platelet count was obtained, the appropriate dilution could be calculated
and the PRP final concentration was 350 x 106 platelets/ml. Preparations of PPP solution
had a concentration of 20 x 106 platelets/ml. Prior to the experiment, a 50 ml volume was
transferred to a 100 ml PTFE beaker and equilibrated at 30°C for 1 hr.

3.4 Steady Rotation Experiments
Prior to every experiment, the PUU material was attached to the bottom of the 15
mm or 20 mm metal disk using double-sided tape and incubated overnight in deionized
water to eliminate low molecular weight oligomers. The metal disk with PUU material
attached was then equilibrated in phosphate buffer saline (PBS) (Sigma-Aldrich, St
Louis, MO) at 30°C for 1 hr. The metal disk was lowered into the PRP sample until
approximately 3 mm of the disk thickness was immersed in the platelet suspension. The
RDS was run for 2 hrs at speeds of either 1000 rpm or 283 rpm using the 15 mm disk.
The shear rate at 1000 rpm ranged from 0 s-1 at the center of the disk to 4900 s-1 at 7 mm
from the center. This encompassed the physiological shear rate range for the human
body. The shear rate at 283 rpm ranged from 0 s-1 at the center of the disk to 738 s-1 at 7
mm from the center, encompassing the shear rate range where platelet adhesion is
mediated primarily by fibrinogen.26
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After 2 hrs, the RDS motor was stopped and an autopipette was used to gently
replace the platelet suspension with PBS. Six 35 ml PBS aliquots were sequentially
added and removed. The total volume of PBS added is approximately four times the
original PRP volume. The PBS was replaced by a solution of 1% paraformalehyde
(PFA) (Sigma Aldrich, St Louis, MO) using the same method of alternating addition and
removal. The metal disk remained immersed in the 1% PFA solution for 1 hr to fix the
sample. The formaldehyde solution was replaced by PBS using the same method and the
sample was allowed to sit for 10 min. The metal disk was then detached from the RDS.
Experiments were repeated between 2 to 5 times.

3.5 Cardiac Pulse Experiments
A cardiac flow waveform was collected from the inlet flow of the Penn State 50
cc Left Ventricular Assist Device using a 20XL flow probe (Transonic Systems, Ithaca,
NY). A graph of this waveform is shown in Figure 3.4. During flow rate collection, the
LVAD was operating at 85 bpm and the period of each waveform in Figure 3.4 is 700
ms. Using the collected flow rate values, a mean velocity was calculated and then
converted to a radial velocity. For example, the peak inlet flow rate in Figure 3.4 is 8.46
L/min. Dividing this flow rate by the inlet area (5.38 x 10-4 m2) provides the mean
velocity through the tube (0.26 m/s). To produce this velocity at a 5 mm radial distance,
the disk must rotate at a rate of 500 rpm, the peak value seen in Figure 3.5. Thus, the
velocities at the 5 mm radial distance on the disk represent the physiologic velocities seen
at the LVAD inlet during the cardiac cycle. The cardiac pulse signal was entered into a
signal generator, where it controlled the RDS motor shaft speed. Negative rotation rate
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values indicate a switch from clockwise rotation of the disk to counterclockwise rotation.
This physically represents fluid regurgitation after systole. The noise present in Figure
3.5 had no observable affects on smooth disk rotation. The frequency of the noise was
calculated to be approximately 120 Hz. High speed video at 3500 frames per second
confirmed that no jitter is present and the disk rotates smoothly during operation. The
noise may be related to the fundamental power frequency (60 Hz) experienced with many
electronic devices.
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Figure 3.4 Inlet flow rate for the 50 cc Penn State Lionheart™ LVAD operating at
85 bpm.
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Figure 3.5 Output from the RDS motor when a continuous cardiac pulse is applied.
High speed video at 3500 fps demonstrated that no jittering present was present in
the rotation.

Two cardiac pulse experiments were performed. In the first, a continuous cardiac
pulse was applied to the 15 mm disk for 2 hrs. In the second experiment, we established
an initial layer of platelets on the PUU surface (20 mm disk) and after reconnecting the
disk to the RDS, cardiac pulses were applied for 30 min. This simulates what would
occur if a temporary low shear rate flow allowed a platelet layer to adhere to the material
surface and was then followed by a higher shear rate during wall washing. For this
experiment, the metal disk with PUU material attached was equilibrated in PBS at 30°C
for 1 hr. The metal disk was placed in a 100 ml PTFE beaker (PUU side facing up) with
50 ml PRP at a concentration of 350 x 106 platelets/ml. The disk remained in the PRP for
2 hrs and the solution was kept at 30°C using a hot plate. The metal disk was then
carefully screwed onto the steel threaded adaptor of the RDS shaft where a cardiac pulse
was applied continuously for 30 min. In order to get a base value for platelet adhesion
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prior to the cardiac pulse, the 15 mm and 20 mm disk were both incubated in PRP for 2
hr without applying the cardiac pulse afterwards. This was repeated 7 to 9 times.
After 30 min cardiac pulse flow, the RDS was stopped and an autopipette was
used to gently replace the platelet suspension with PBS. Six 35 ml PBS aliquots were
sequentially added and removed. The PBS was replaced by a solution of 1% PFA using
the same method of alternating addition and removal. The metal disk remained immersed
in the 1% PFA solution for 1 hr to fix the sample. The formaldehyde solution was
replaced by PBS and allowed to sit for 10 min. The metal disk was then unscrewed from
the steel threaded piece on the RDS shaft. Cardiac pulse experiments were repeated 5 to
6 times.

3.6 Fluorescent Labeling of Platelets

The PUU disk was unscrewed from the RDS and placed in a 12-well tissue
culture polystyrene plate. A primary antibody solution was prepared by combining 1 ml
of 6% donkey serum (Sigma-Aldrich, St Louis, MO) and 1.5 µl CAPP2A mouse antibovine αIIbβ3 antibody (VMRD, Pullman, WA). It was necessary to ensure the PUU disk
remained submerged in solution at all times. The disk was incubated in the primary
antibody solution overnight at 4°C and then washed using PBS. A secondary antibody
solution was prepared by combining 1 ml of 6% donkey serum and 1.25 µl Alexa-Fluor
488 donkey anti-mouse IgG (Invitrogen, Carlsbad, CA). The disk was incubated in the
secondary antibody solution for 1 hr in the dark at room temperature and then washed
using PBS.
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The disk was removed from the well and placed on a glass slide. Fifty microliters
of anti-fade solution (Biomeda Corp., Foster City, CA) was immediately placed on the
PUU surface and a coverslip was applied. It was important to ensure that no bubbles
developed during this process. The disk was kept at 4°C overnight to allow the gel to set.
A more complete description of the fluorescent labeling process is shown in Figure 3.6.
The disk surface was viewed using an Olympus IX71 inverted fluorescent
microscope outfitted with a brightfield mirror cube and CCD digital camera (Diagnostic
Instruments, Inc., Sterling Heights, MI). The brightfield mirror cube allowed the surface
of the disk to be viewed using light from the fluorescent housing, which passed through a
1% neutral density filter (Chroma Technology, Bellows Falls, VT). Each metal disk was
inscribed with concentric circles 1 mm apart as well as six radial lines separated by 60°
(Figure 3.1). The 20x objective was used to locate the center and intersection points in
brightfield.

A fluorescent picture was taken at each intersection using a 100x oil

immersion objective. The secondary antibody has peak absorption at 488 nm (blue) and
peak emission at 520 nm (green). Each image spanned an area of 80 µm x 100 µm. Six
pictures were taken at the center of the disk since this area showed the greatest amount of
platelet adhesion. Pictures of the intersection in brightfield are shown in Figure 3.7, and
platelet adhesion at the disk center after 2 hr incubation in PRP is shown in Figure 3.8.

21

Figure 3.6 Fluorescent labeling of platelets on PUU. Primary antibody CAPP2A
mouse anti-bovine αIIbβ3 antibody is incubated overnight followed by secondary
antibody Alexa-Fluor 488 donkey anti-mouse IgG incubated for 1hr.
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Figure 3.7 Brightfield view of inscriptions on the bottom surface of the 15 mm disk
taken with 20x objective. Image shows the intersection between a radial line and
concentric circle.

Figure 3.8 Platelets at center of 15 mm disk after 2 hr incubation in PRP.
Fluorescent image taken using 100x oil immersion objective.
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3.7 PRP Density and Viscosity Measurement
Plasma density was determined by weighing 1 ml PRP. The calculated value was
1.0275 g/ml. Average PRP viscosity equals 1.6 cP and was measured at 32°C over a
range of shear rates using the Vilastic 3 Viscoelasticity Analyzer (Vilastic Scientific, Inc,
Austin, TX).

3.8 Platelet Adhesion Measurement
The adhesion coefficient is defined as the percentage of platelets that adhere to
the material surface over the number of platelets that contact the surface due to disk
rotation and particle diffusivity. This type of adhesion measurement was first used by
Wang et al. in 1993 33 and then by Milner et al. in 2006.26 Analysis of platelet adhesion
was performed by counting the number of platelets in each picture.

The adhesion

coefficient (AC %) was calculated using the equation:

AC (%) = 100 * N / j t

(17)

where N is the average number of platelets at each intersection (platelets/mm2), j is the
flux (platelets/sec/mm2), and t is the duration of the experiment (sec). The diffusivity, D
(cm2/sec), needed to calculate the flux, j, can be determined by the following equation:

D = KBT/6πηb

(18)

where KB is the Boltzmann constant, T is the absolute temperature, η is the dynamic
viscosity for PRP or PPP, and b is the average radius of a platelet. Diffusivity is a
constant value (1.58 x 10-9 cm2/s) for our experimental conditions. From the diffusivity,
the flux, j, is calculated using the following equation:

j = 0.62 D2/3 ω1/2 C∞ ν-1/6
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(19)

where D is the diffusivity, ω is the radial speed, C∞ is the bulk concentration, and ν is the
kinematic viscosity.

The calculated flux for a radial velocity of 1000 rpm is 60.9

platelets/sec/mm2 and the flux for a radial velocity of 283 rpm is 32.4 platelets/sec/mm2.
Therefore, the adhesion coefficient can be calculated for these two velocities knowing the
duration of the experiment and by quantifying the number of platelets per area.

The

platelet adhesion coefficient was reported against the shear rate value every 1 mm radial
distance increment on the disk surface.

3.9 Laser Doppler Velocimetry
It was important to characterize the flow field underneath the RDS to determine
boundary layer thickness and verify if laminar flow exists in the region closest to the
material surface.

Laser Doppler Velocimetry (LDV), a non-invasive velocity

measurement technique, was used to take point velocity measurements at 5 different
locations below the disk surface: 75 µm, 0.5 mm, 1.0 mm, 1.5 mm, and 2.0 mm. The 15
mm disk was rotated at a speed of 1000 rpm and the 20 mm disk was rotated at 238 rpm.
These rotation rates were selected based on the previous work performed by Milner et al.
that we were expanding upon by LDV analysis.26 An acrylic model with the exact
dimensions of the 100 ml PTFE beaker from the RDS setup was made and a filled with
50 ml of sodium iodide, an optically clear fluid, with dynamic viscosity, density, and
kinematic viscosity equal to 6.54 cP, 1.74 g/ml, and 3.75 cSt, respectively.
Laser Doppler Velocimetry is a flow measurement technique that acquires point
velocity measurements on the basis of the Doppler effect. Advantages of LDV are its
non-invasive ability to provide direct velocity measurements without a priori knowledge
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of the environment as well as its ability to eliminate directional ambiguity and isolate
single velocity components with respect to a principle axis. LDV also provides superior
spatial resolution because of its small ellipsoid measurement volume, which enables
sampling in regions of high velocity and turbulence.34 One disadvantage of LDV is that
it requires optical access to the flow field. As a result, studies must be performed in an
acrylic model with an optically clear fluid, like sodium iodide. This particular material
and fluid were selected based on their refractive index match (N = 1.487). A second
restriction of LDV is selecting a proper particle size for fluid seeding that is capable of
accurately track the surrounding flow.
ensuring the time scale of the particle,

Proper particle selection is accomplished by

τp, is

less than the smallest scale eddies of the

turbulent flow.34 The time scale of the particle is calculated by Stokes law:

τp = mp/(6πµr)

(20)

where mp is the particle mass, µ is dynamic viscosity, and r is the radius of the particle.
The time scale for the smallest scale eddied of the turbulent flow is defined by the
Kolmogorov scale:

τf = (ν/ε)1/2

(21)

where ν is kinematic viscosity, and ε is the energy dissipation rate approximated by ε ~
u3/l. For this calculation, u is the velocity and l is an integral length scale of the eddies.
10 µm hollow glass spheres (Composition Materials Co., Fairfield, CT) with a specific
gravity of 1.1 g/ml were used for this experiment.
The LDV system consisted of a 5-Watt argon-ion laser (Coherent Innova, Model
70C, Santa Clara, CA) and a Fiberlight™ (TSI Inc., Shoreview, MN), which acted as a
beam separator. The laser power used for these velocity measurements was 1.80 Watts.
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In order to obtain velocity measurements, a pair of parallel laser beams had to converge
to a point in the flow. Objective lenses with focal lengths of 250 mm and 120 mm were
used to focus two sets of laser beams of wavelength 488 nm (blue) and 514.5 nm (green)
to a single point in the flow, creating a small measurement volume. Two coincident
velocity components were captured for this experiment. Each wavelength measured unidirectional particle speeds on an independent axis. Blue beams were used to capture the
tangential velocity component and green beams were used to capture the radial velocity
component. A Bragg cell was used to acoustically shift one beam in each pair by 40
MHz to enable near-zero velocity measurements and to identify particle directionality.
When the 10µm glass spheres passed through the measurement volume, light was
scattered off the moving particle at the Doppler frequency. These Doppler-shifted bursts
were detected in side- and back-scatter modes with a transceiver probe and sent to the
processor for real-time flow analysis. The width of the burst represents the time it took
for a glass sphere to pass through the measurement volume. The calculated particle
velocity through this volume equals the fluid velocity at that point.
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CHAPTER 4
Results and Discussion
4.1 Laser Doppler Velocimetry Measurements
Laser Doppler Velocimetry (LDV) was used to measure fluid velocity at various
depths below the rotating disk surface. For these measurements, the 15 mm disk with
PUU adhered to the bottom surface was rotated at 1000 rpm and the 20 mm disk was
rotated at 238 rpm. Experimental and theoretical velocity values for the 15 mm disk at
depth locations 75 µm, 0.5 mm, and 1.0 mm from the disk surface are shown in Figures
4.1, 4.2, and 4.3, respectively. Theoretical values were calculated using the NavierStokes solution for an infinite disk rotating in an infinite medium, as described by
Equations 1 - 15. Results for 1.5 mm and 2 mm depths below the surface as well as the
20 mm disk velocity plots are shown in the Appendix (Figure A.1 to A.7).
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Figure 4.1 Mean velocity 75 µm below disk surface. Experimental and theoretical
LDV velocity plot for 15 mm disk rotating at 1000 rpm.
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Figure 4.2 Mean velocity 0.5 mm below disk surface. Experimental and theoretical
LDV velocity plot for 15 mm disk rotating at 1000 rpm.
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Figure 4.3 Mean Velocity 1 mm below disk surface. Experimental and theoretical
LDV velocity plot for 15 mm disk rotating at 1000 rpm.
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Figure 4.1 provides the tangential velocity at a distance of 75 µm below the
rotating 15 mm disk surface. This region closest to the surface is our primary interest,
since it has the greatest influence over platelet adhesion. Experimental velocities at this
location closely match theoretical velocities and have small percent errors, shown in
Chart A.3. However, as the distance from the rotating surface increases to 0.5 mm and
1.0 mm in Figures 4.2 and 4.3, the maximum theoretical velocities become much smaller:
0.059 m/s and 0.0053 m/s, respectively. At larger distances from the rotating surface, the
infinite disk approximation is no longer valid and as a result, experimental velocities
show a higher percent error from theoretical values. The 20 mm disk rotating at 238 rpm
showed similar trends at these five distances below the surface and had increasingly large
percent errors at further depths (Chart A.6).

Raw velocity data and percent error

calculations for all experiments are located in the Appendix. Based on these results, we
can verify that flow within the region closest to the disk is laminar. This validates one of
the three assumptions required for shear stress calculation using Equation 16.

4.2 Steady Rotation Experiments
The goal of the steady rotation experiments was to validate the protocol and
experimental setup by repeating the results seen in Milner et al.26 A 15 mm disk with
PUU attached to the bottom surface was rotated at 1000 rpm for 2 hrs in PRP (350 x 106
platelets/ml). The platelet adhesion coefficient is plotted according to shear rate and
results are shown in Figure 4.4.
As stated previously, the adhesion coefficient is defined as the percentage of
platelets adhered to the material surface over the number of platelets that contacted the
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surface due to disk rotation and particle diffusivity. The calculated flux for this steady
rotation experiment was 60.9 platelets/sec/mm2. Thus, the data of Figure 4.4, which
peaks at 0.36% and then exponentially decreases with shear rate, indicates that less than
1% of platelets that contacted the PUU surface adhere. The large standard error at 0 s-1 is
expected since 6 pictures (80 x 100 um each) are taken at the center of the disk versus the
single picture taken at every cross-section. A larger area indicates a larger variation in
shear rate, and thus the adhesion coefficient should be expected to deviate more at the
center. An X error bar is shown for the first point in the series to demonstrate this shear
rate deviation. The Y error bars for Figures 4.4 – 4.15 are based on standard error
calculations.
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Figure 4.4 Adhesion Coefficient for 15 mm disk after 2 hrs steady rotation at 1000
rpm.
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Figure 4.4 also shows that a high rotation rate of 1000 rpm leads to a large change
in shear rate (0 – 4900 s-1) over the radial distance of the disk. Low platelet adhesion is
seen beyond 500 s-1, both in our experiments (AC% < 0.08%) and literature.6 Therefore,
a second set of steady experiments were performed by rotating a 15 mm disk at 283 rpm
for 2 hr in PRP. This lower rotation speed had a much smaller shear rate range (0 – 738
s-1) and focused on the region where large changes in platelet adhesion are seen in Figure
4.4. Results for steady rotation at 283 rpm are shown in Figure 4.5. The adhesion
coefficient at the disk center is 0.36%, which is equal to the value seen for 1000 rpm
steady rotation. Figure 4.5 also shows a more gradual decrease in platelet adhesion since
the shear rate range is much smaller. After 100 s-1, the adhesion coefficient equals
0.17%. This value drops to below 0.08% after 500 s-1, similar to what is seen in Figure
4.4 for the 1000 rpm rotation. The large error bars in Figure 4.5 are a result of the small
platelet number per image and only performing 2 trials. Thus, it would be beneficial to
perform more trials at this rotation rate to attain smaller standard errors.

32

0.45

Adhesion Coefficient (%)

0.40
0.35
0.30
0.25
0.20
0.15

-0.0032x

y = 0.2464e
2
R = 0.5703

0.10
0.05
0.00
0

100

200

300

400

500

600

700

800

Shear Rate (1/s)
Average (n = 2)

Figure 4.5 Adhesion Coefficient for 15 mm disk after 2 hrs steady rotation at 283 rpm.

The steady rotation results of Figures 4.4 and 4.5 match the exponential decrease
trends seen in Figure 4.6, which was obtained by Milner et al.26 In both our results and
Milner’s results there is low platelet adhesion (AC% < 0.08%) greater than 500 s-1, the
point where shear force becomes too strong for platelet attachment. The difference,
however, was the adhesion coefficient values at the disk center. Since both experiments
were performed under nearly identical conditions, the results of these two graphs should
be directly comparable. However, one neglected point of difference was the material
fabrication process. The PUU material used by Milner et al. was created using only one
spin casting whereas we used three separate spin castings to create a much thicker
sample. A thinner material would theoretically be smoother than a thicker material due
to the successive propagation of deformities with additional layers. We suggest then that
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the adhesion coefficient discrepancy may be attributed to the thickness of the PUU
material.

Figure 4.6 Left image shows adhesion coefficient for 15 mm disk after 2 hrs steady
rotation at 1000 rpm. Right image shows adhesion coefficient for 20 mm disk after
2 hrs steady rotation at 238 rpm. Results taken from Milner et al.26
Further support for this theory came from the work of Hanako Yamanaka,35 who
used the same PUU (Biospan MS/0.4) material to make polymer samples according to the
pediatric blood sac protocol developed by the Division of Artificial Organs in the
Department of Surgery at The Pennsylvania State University.

Performing the same

steady state rotation experiment at 1000 rpm described previously, she observed very low
adhesion coefficients at the disk center (AC% < 0.1%). 35 The work of Yamanaka
supports the idea that platelet adhesion is indeed sensitive to the material fabrication
protocol.
To confirm the validity of this theory, PUU was produced by using the fabrication
protocol of Milner et al. Using this thinner material, the steady rotation experiment at
1000 rpm was repeated and results are seen in Figure 4.7. As expected, the thinner PUU
material produced higher adhesion coefficient values at the disk center (AC% = 1.58%)
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that are more consistent with Milner’s work. After 500 s-1, platelet adhesion for both the
normal and thin PUU are very low (AC% < 0.08%), indicating that even on a smoother
material the platelets are unable to form stable bonds beyond this shear rate.
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Figure 4.7 Comparison of adhesion coefficient for normal and thin PUU material

The original (thicker) PUU material was used for all other experiments here.
While the surface of a thicker PUU sample is less smooth, it is similar to the material
used in the Penn State 50 cc left ventricular assist device, and therefore a more realistic
model to study.
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4.3 Cardiac Pulse Experiments

After validating the protocol and experimental setup with the steady rotation
experiments, the next step was to evaluate platelet adhesion when a cardiac pulse was
applied. For the first cardiac pulse experiment, the 15 mm disk was rotated for 2 hrs in
PRP (350 x 106 platelets/ml). Results are shown in Figure 4.8. The platelet flux and
shear rate were both calculated using the root mean square (RMS) speed (283 rpm) of the
cardiac signal. The adhesion coefficient at the center of the disk equals 0.6% and this
value drops to 0.23% at 100 s-1. In Figure 4.8, the 5 mm intersection is located at 527 s-1.
As mentioned previously, this position on this disk represents the physiologic velocities
seen at the LVAD inlet during a typical cardiac cycle. It also represents a threshold
cutoff, suggesting platelet deposition would occur below this value.

At the 5 mm

intersection the adhesion coefficient is equal to approximately 0.1%.

Low platelet

adhesion beyond 500 s-1 is expected and consistent with published results.6
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Figure 4.8 Adhesion coefficient for 15 mm disk after 2 hr cardiac impulse in PRP.
Calculations for adhesion coefficient and shear rate based on RMS speed (283 rpm).
As mentioned, the equations for both the adhesion coefficient and shear rate
assumed a steady rotation speed for the cardiac pulse.

This simplification from a

transient rotation to a single velocity may not be appropriate. Thus, results from steady
rotation at 283 rpm are compared to the cardiac pulse (RMS velocity = 283 rpm) and are
shown in Figure 4.9. Both trends show a more gradual decrease in platelet adhesion
versus the sharp trend seen at the higher rotation speed of 1000 rpm. The adhesion
coefficient is higher for the cardiac pulse at the disk center and shows slightly higher
platelet adhesion trends across the disk. However, with the relatively large standard error
bars, no conclusions can be made as to whether there is a significant difference between
these two rotations and further investigation at different low rotations rates are necessary.
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Figure 4.9. Comparison of adhesion coefficient for 15 mm disk after 2 hrs of steady
rotation and cardiac pulse rotation in PRP.

A second set of cardiac pulse experiments was designed to determine what would
occur if a stagnant flow in the LVAD resulted in a coating of platelets on the PUU
material surface. The first step was to create an even layer of platelets on the surface.
This was accomplished by incubating the PUU and disk in PRP for 2 hrs. Results for the
15 mm and 20 mm disk are shown in Figure 4.10. Looking at the figure, we observe a
decrease in platelet adhesion towards the edge of the disk. This may be attributed to
boundary effects. When the disk is lifted from the PRP solution, an air-liquid boundary
forms at the edge of the disk, which may disturb platelet adhesion in this area.
Additionally, platelets at the edge of the disk may have been affected more by washing
during the antibody incubation stage.
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Figure 4.10 Platelet adhesion on smooth PUU after 2 hr incubation in PRP.

After obtaining an even platelet layer, the next step was to apply a cardiac pulse
for 30 min to determine what percentage of the original platelets would remain adhered to
the PUU surface.

Results are shown in Figure 4.11.

At the center of the disk,

approximately 33% of the original platelets were still adhered to the surface while this
value dropped to 10% at 300 s-1 (3 mm radius) and 5% at 840 s-1 (8 mm radius). The
results of this experiment could be useful in determining the most effective wall shear in
the 50 cc LVAD. Figure 4.12 shows pictures taken at the disk center before and after the
30 min cardiac pulse was applied. This type of study where cells are first coated onto a
material surface and then removed via fluid shear may have other applications. For
instance, polyurethane-based grafts coated with heparin and FGF-2 have increased
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transmural endothelialization. 36 Studies similar to the one described here may be
performed to determine the shear rate range necessary to maintain cell adhesion.
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Figure 4.11 Normalized platelet count vs shear rate for 20 mm disk with static
coating followed by 30 min cardiac pulse.

Figure 4.12 Platelets are pre-adhered to the disk during a 2 hr incubation in PRP
(left) before a 30 min cardiac pulse is applied (right). Both pictures are taken at this
disk center.
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We next asked whether the results of Figure 4.11 were due solely to platelets
being sheared off or whether some platelets from the PRP solution were adhering to the
surface during the 30 min cardiac pulse. Two controls were used to better interpret this
data. The first control established how many platelets adhered to the surface during a 30
min cardiac pulse without the initial platelet layer. Results are shown in Figure 4.13.
The platelet adherence values are relatively low, never exceeding more than five per
image for any location on the disk. Although the standard error seems to be very large,
this is a result of basing the graph on such small numbers and that platelets can only be
counted as integers.
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Figure 4.13 Control 1: Platelet count for 20 mm disk after cardiac pulse rotation in
PRP for 30 min.
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The adhesion coefficient values for the 30 min cardiac pulse experiment were
calculated to determine how well they compared to the 2 hr cardiac pulse experiment
described previously. The adhesion coefficient is intended to be time independent and
therefore, both trials should have similar values. Results are plotted in Figure 4.14. The
30 min cardiac pulse seems to have higher adhesion coefficient values than the 2 hr case.
However, the 30 min trials are based on very few platelets (5 at maximum) with an
inherently large standard error.
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Figure 4.14 Comparison of adhesion coefficient for 30 min and 2 hr cardiac pulse in
PRP.
A second control was performed by coating the disk with an even layer of
platelets and then applying a cardiac pulse while the disk was in platelet poor plasma
(PPP) instead of platelet rich plasma. Using PPP with a concentration of 20 x 106

42

platelets/ml ensured that only an insignificant number of platelets would be capable of
adhering to the surface.

The calculated flux for PPP is 1.85 platelets/sec/mm2 in

comparison to PRP which is 32.41 platelets/sec/mm2. The results of this experiment are
shown in Figure 4.15. The 30 min cardiac pulse in PPP instead of PRP noticeably
decreased the % of platelets remaining, especially at the disk center. The PPP trend in
Figure 4.15 represents the true number of platelets that remain after a 30 min cardiac
pulse is applied, while the PRP trend represents additional platelet attachment during the
30 min interval.
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Figure 4.15 Control 2: Comparison of 20 mm static disk with 30 min cardiac pulse
in PRP and PPP.
Based on the results of Control 1 and Control 2 in Figures 4.13 and 4.15,
respectively, it can be concluded that there is some additional platelet adherence during
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the 30 min cardiac pulse. The number of adhered platelets differs somewhat between the
two experiments. For Control 1 there are a maximum of 5 platelets per image that attach
to the disk center during the 30 min cardiac pulse whereas for Control 2 there is a
maximum number of 13 platelets per image. One explanation for this could be that
creating an initial platelet layer increases the probability of additional platelet attachment.
It is interesting to note that all steady and cardiac pulse experiments resulted in
low platelet adhesion values for shear rates exceeding 500 s-1, the critical shear rate
identified by Hubbell and McIntire in 1986. These results emphasize the need for LVAD
designs that minimize regions of low shear, poor recirculation, and low near-wall
velocities, all of which enable high residence times and stable platelet adhesion to occur.
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CHAPTER 5
Conclusions and Future Research
5.1 Summary of Results
Several conclusions can be drawn from the steady rotation and cardiac pulse
experiments described. The steady experiments showed that a 15 mm disk rotating in
PRP at 1000 rpm had a calculated flux of 60.9 platelets/sec/mm2. Although the platelet
flux was fairly high, there was a large change in shear rate across the disk (0 – 4900 s-1),
which inhibited platelet adhesion beyond the center. After a rotation period of two hours,
the adhesion coefficient was 0.36% at r = 0 and this value decreased exponentially with
radial distance. Physically, this means that less than 1% of the platelets that came into
contact with the surface were able to adhere for a prolonged period. A second steady
state experiment focused on platelet adhesion in a lower shear rate range (0 - 738 s-1) by
rotating a 15 mm disk in PRP at 283 rpm. This showed the same platelet adhesion at the
center (AC% = 0.36%) with a more gradual decrease to 0.17% at 100 s-1 and 0.08% at
527 s-1. A third steady state experiment tested the effect of material thickness on platelet
adhesion. Based on an adhesion coefficient increase of 1.22% with the thinner PUU
material in Figure 4.6, it appears that platelet adhesion is strongly dependent on material
thickness. Thicker surfaces become rougher due to the propagation of deformities with
additional layers. Although a thinner material provides a smoother surface for platelet
adhesion, it is not realistic of the material used in current LVAD designs.
A second set of experiments tested platelet adhesion when a cardiac pulse was
applied to the disk. The root mean square velocity of the cardiac waveform shown in
Figure 3.5 is 283 rpm and the calculated flux at this speed is 32.4 platelets/sec/mm2. The
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adhesion coefficient at the center of the disk equals 0.6% and this value drops to 0.23% at
100 s-1 and then 0.1% after 527 s-1, the 5 mm radial distance on the disk representing the
physiologic velocities seen in the LVAD during a typical cardiac cycle. A comparison of
the 2 hr cardiac pulse experiments and the 2 hr steady rotation experiments at 283 rpm
showed similar trends although there was a higher adhesion coefficient at the disk center
for the cardiac pulse.
A second set of cardiac pulse experiments attempted to model what would occur
if low shear or stagnant blood flow within the device should deposit a layer of platelets
on the material surface. The goal was to determine what percentage of platelets would
remain under various shear rates. It was determined that approximately 33% of the initial
platelets would remain at the center of the disk after a 30 min cardiac pulse. This value
drops to around 10% at 300 s-1 (3 mm radius) and 5% at 840 s-1 (8 mm radius). The true
number of platelets sheared off during the cardiac pulse would most likely be lower than
this value, since 5 to 13 platelets may reattach to the material at low shear rates during the
30 min interval. The results of this study could be applied towards determining wall
washing criteria for LVADs.

Additionally, both steady rotation and cardiac pulse

experiments showed low platelet adhesion values for shear rates greater than 500 s-1,
supporting the previous work of Hubbell and McIntire.27

5.2 Future Research
To expand on this work, we first need to take LDV measurements in the boundary
layer of the disk while the cardiac pulse is being applied. Characterizing the fluid flow in
this region will help to confirm if it is laminar and might help in determining flux and

46

shear rate values. Since this is not a simple steady rotation, the velocity at each location
will have to be measured at multiple points throughout the cardiac pulse cycle.
Additionally, future experiments should focus on low shear rate ranges.

As

demonstrated by this work, there is essentially no change in platelet adhesion beyond 500
s-1. Therefore, experiments should be performed at lower motor speeds to gain finer
resolution and a better understanding of how platelet adhesion varies at lower shear rate.
Cardiac pulse experiments can also be expanded in several ways. The cardiac
pulse waveform was attained from an LVAD operating at 85 bpm, simulating a normal
human heart beat. However, animal research currently being performed at Hershey
Medical Center uses a bovine model where the LVAD is sometimes operating at over 160
bpm. It would be interesting to attain a waveform from an LVAD operating at this speed
and compare the platelet adhesion results.
Another possible research direction would be to repeat these experiments using a
different material. There are many types of polyurethanes to investigate as potential
LVAD material candidates. In vitro studies like this offer valuable insight and could
conceivably be used to test a series of polyurethane biomaterials and then select one with
the most desirable features for that application. Submicron textured polyurethane is one
interesting biomaterial that reduces platelet adhesion by reducing the available surface
area for attachment. The textured surface has square pillars with diameter and separation
of 700 nm or 400 nm, much smaller than the average platelet diameter.26

As

demonstrated, there are many potential research directions for this work as well
expanding the application of the rotating disk system for new biomedical studies.
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APPENDIX
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Figure A.1 Mean velocity 1.5 mm below disk surface. Experimental and theoretical
LDV velocity plot for 15 mm disk rotating at 1000 rpm.
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Figure A.2 Mean velocity 2 mm below disk surface. Experimental and theoretical
LDV velocity plot for 15 mm disk rotating at 1000 rpm.

51

0.3

Mean Velocity (m/s)

0.25

0.2

0.15

0.1

0.05

0
0

1

2

3

4

5

6

7

8

9

10

Radius (mm)
Experimental

Theoretical

Figure A.3 Mean velocity 75 µm below disk surface. Experimental and theoretical
LDV velocity plot for 20 mm disk rotating at 238 rpm.
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Figure A.4 Mean velocity 0.5 mm below disk surface. Experimental and theoretical
LDV velocity plot for 20 mm disk rotating at 238 rpm.
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Figure A.5 Mean velocity 1 mm below disk surface. Experimental and theoretical
LDV velocity plot for 20 mm disk rotating at 238 rpm.
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Figure A.6 Mean velocity 1.5 mm below disk surface. Experimental and theoretical
LDV velocity plot for 20 mm disk rotating at 238 rpm.
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Figure A.7 Mean velocity 2.0 mm below disk surface. Experimental and theoretical
LDV velocity plot for 20 mm disk rotating at 238 rpm.

Chart A.1 Experimental velocity at 5 distances below the surface of the 15 mm disk
rotating at 1000 rpm.
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Chart A.2 Theoretical velocity at 5 distances below the surface of the 15 mm disk
rotating at 1000 rpm.

Chart A.3 Percent error between experimental and theoretical velocity at 5
distances below the surface of the 15 mm disk rotating at 1000 rpm.
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Chart A.4 Experimental velocity at 5 distances below the surface of the 20 mm disk
rotating at 238 rpm.
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Chart A.5 Theoretical velocity at 5 distances below the surface of the 20 mm disk
rotating at 238 rpm.
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Chart A.6 Percent error between experimental and theoretical velocity at 5
distances below the surface of the 20 mm disk rotating at 238 rpm.

Chart A.7 Adhesion coefficient values for all steady state rotation experiments.
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Chart A.8 Platelet adhesion on the 15 mm disk after 2 hr incubation in PRP.

Chart A.9 Platelet adhesion on the 20 mm disk after 2 hr incubation in PRP.
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Chart A.10 20 mm disk with initial platelet layer followed by cardiac pulse
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