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ABSTRACT
Patients suffering from heart failure are frequently put on the support of a ventricular assist
device (VAD), due to the lack of viable donor hearts for transplantation. Individuals with VADs
are commonly diagnosed with a condition that is referred to as Acquired von Willebrand Disease
(AvWD), due to its similarity to congenital von Willebrand disease (vWD). Patients suffering
from AvWD exhibit symptoms characteristic of the genetic disorder, prolonged and
uncontrollable periods of bleeding, which cannot be explained by the patient’s anticoagulation
regimen. Research has shown that these patients experience a loss of the high molecular weight
(HMW) multimers of the plasma protein von Willebrand factor (vWF), which are critical to
normal coagulation and hemostasis. It is believed that the shear stress experienced by blood
circulating through the body alters the conformation of vWF, increasing its susceptibility to
proteolysis.

Abnormally high shear stresses in VADs cause extensive proteolysis of vWF,

producing ineffective proteolytic fragments. This investigation was based on the hypothesis that
higher shear rates and longer duration of shear result in increased proteolysis of vWF, and a
consequent decrease in HMW multimers. Platelet-poor plasma (PPP) was perfused through an in
vitro flow loop via a syringe pump to simulate the high shear conditions experienced by plasma
flowing through a VAD. Western blotting was used to analyze the extent of vWF proteolysis as a
function of magnitude and duration of shear rate. Sequential centrifugation and size exclusion
column chromatography allowed for the isolation and purification of vWF for use as a positive
control in the experiment. It was determined that there is a minimal duration of shear exposure
below which vWF proteolysis does not occur. At constant shear intensity, proteolysis increases
with increasing shear rate. Because high shear rates exist in VADs for very short durations, but
VAD patients almost always suffer from AvWD, it is believed that vWF proteolysis is a
cumulative effect that builds on itself as the blood travels multiple cycles through a VAD.

ii
TABLE OF CONTENTS

List of Figures .......................................................................................................................... iii
List of Tables ........................................................................................................................... iv
Acknowledgements.................................................................................................................. v
Chapter 1 Introduction ............................................................................................................. 1
Ventricular Assist Devices ........................................................................................ 2
Acquired von Willebrand Disease .............................................................................. 4
The Effect of Shear on vWF Conformation and Proteolysis ...................................... 7
Chapter 2 Materials and Methods ............................................................................................ 11
vWF Purification ........................................................................................................ 11
Blood Collection and Preparation............................................................................... 13
Flow Loop................................................................................................................... 13
Gel Electrophoresis..................................................................................................... 16
Transfer....................................................................................................................... 17
Detection..................................................................................................................... 17
Chapter 3 Results ..................................................................................................................... 19
Column Packing and Characterization ....................................................................... 19
Analysis of Purified vWF ........................................................................................... 25
Past Work.................................................................................................................... 27
Analysis of Sheared Platelet-Poor Plasma.................................................................. 27
Chapter 4 Discussion ............................................................................................................... 34
vWF Purification ........................................................................................................ 34
Effect of Duration of Shear on Proteolysis................................................................. 36
Effect of Magnitude of Shear on Proteolysis.............................................................. 36
vWF Proteolysis as a Cumulative Effect .................................................................... 37
Discrepancies between Donors................................................................................... 37
Protein Loss or Dilution.............................................................................................. 38
Conclusion .................................................................................................................. 38
Future Studies ............................................................................................................. 39
Appendix A SDS PAGE and Electric Transfer for Detection of vWF Fragments ......... 40	
  
Appendix B Isolation of vWF from Fresh Frozen Plasma ............................................. 42	
  
Appendix C List of Materials ......................................................................................... 43	
  
Appendix D Institutional Review Board Consent Form................................................. 45	
  
Appendix E Size Exclusion Gel Chromatography Column............................................ 48	
  
Appendix F Flow Loop Images ...................................................................................... 49	
  
REFERENCES ................................................................................................................ 51	
  

iii

LIST OF FIGURES
Figure 1-1. Diagram of a Pulsatile-Flow LVAD (A) and Continuous-Flow LVAD (B) ........ 3	
  
Figure 1-2. Schematic representation of the method of vWF-mediated platelet adhesion
and aggregation ................................................................................................................ 5	
  
Figure 1-3. Model of the effect of shear on the conformation of vWF ................................... 8	
  
Figure 1-4. Schematic of the vWF polymer and the proteolytic fragments produced by
ADAMTS13 proteolysis .................................................................................................. 9	
  
Figure 2-1. Diagram of flow loop ............................................................................................ 15	
  
Figure 3-1. PVDF membrane loaded with fractions eluted off an early attempt at the
chromatography column .................................................................................................. 20	
  
Figure 3-2. Diagram of step-wise column packing procedure................................................. 22	
  
Figure 3-3. PVDF membrane loaded with fractions eluted off the column ............................ 24	
  
Figure 3-4. PVDF membrane loaded with samples of purified vWF run through the flow
loop .................................................................................................................................. 26	
  
Figure 3-5. PVDF membrane loaded with samples run during a previous trial, displaying
an increase in the 350 kDa dimer..................................................................................... 28	
  
Figure 3-6. PVDF membrane loaded with samples run during a previous trial, displaying
a decrease in HMW multimers......................................................................................... 29	
  
Figure 3-7. PVDF membrane loaded with samples run during a previous trial, displaying
no significant signs of proteolysis.................................................................................... 30	
  
Figure 3-8. PVDF membrane loaded with samples run through the loop demonstrating
increasing intensity of the 350 kDa dimer with increasing shear rate ............................. 32	
  
Figure 3-9. PVDF membrane loaded with samples run through the loop demonstrating
increasing intensity of the 350 kDa dimer with increasing shear rate ............................. 33	
  

iv

LIST OF TABLES
Table 2-1. Settings for each variation of the flow loop ........................................................... 15	
  

v

ACKNOWLEDGEMENTS
Since starting this project over a year ago, I have received an enormous amount of
guidance and encouragement from a large group of individuals that have enabled my progress. I
would first like to thank Matthew Scanlon for having the vision for this project, getting the
experiment up and running, and helping me to get acquainted with working in a research
laboratory and the particular processes involved in this experiment. I would also like to thank Dr.
Han-Mou Tsai for providing the protocols necessary for this experiment, and for offering
expertise during the troublesome periods of trial-and-error. I would like to thank Dr. Bill Weiss
for his continued interest and support for the project. I would like to thank Gene Gerber for
assisting with the fabrication of the flow loops. I would also like to thank Dr. Margaret Slattery
for her insight and constructive criticism during difficult phases of the project.
I cannot thank Dr. William Hancock enough, for allowing me to use his space and
equipment, offering tremendous help with setting up my chromatography column, and providing
continual guidance on the process. I would also like to thank David Arginteanu for his constant
willingness to demonstrate how to operate equipment and to offer his seasoned expertise.
Without the Hancock Lab, my successful completion of the vWF purification would not have
been possible.
I would like to thank Mike Tramontozzi, my undergraduate assistant, for his enthusiasm
about the project and eagerness to contribute, agreeing without complaint to early mornings in the
lab. Finally, I would like to thank Dr. Keefe Manning for all of his support and unwavering faith
in my ability to generate successful results. Despite all the periods of overwhelming frustration I
felt in this project, Dr. Manning provided invaluable encouragement to persevere.

1

Chapter 1
Introduction
Cardiovascular diseases (CVDs) are the number one cause of death globally, representing
approximately 30% of all global deaths in 2008 with 17.3 million victims.1 People living in
countries with limited access to healthcare and increased exposure to risk factors are
disproportionately vulnerable to CVDs, with approximately 80% of CVD deaths occurring in
low- and middle-income countries.1 The term CVD is an umbrella term that encompasses all
diseases of the cardiovascular system and includes coronary heart disease, cerebrovascular
disease, peripheral arterial disease, congenital heart defects, valvular heart disease, hypertension,
and venous thromboembolism. CVDs and other chronic health conditions that damage the heart
can result in heart failure. Heart failure does not indicate that the heart is no longer beating;
rather it is a progressive condition in which the heart is unable to pump enough blood through the
cardiovascular system to meet the needs of the body. The condition is most commonly attributed
to coronary heart disease because the narrowing of coronary arteries restricts the flow of oxygenrich blood to the heart, thus weakening the heart muscle.2 With an estimated 5.1 million adults in
the United States alone suffering from the condition, heart failure is rapidly becoming a global
health crisis.3
Although there is no cure for heart failure, there are various treatment options available
that allow people with the condition to live more active, fuller, and longer lives. Heart failure
diagnosed in its early stage can be controlled using medication and simple lifestyle changes, but it
will typically progress to the point that this treatment does not suffice. End-stage heart failure
demands that the patient undergo surgical intervention in order to maintain an adequate flow of
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blood through the body. The golden standard for treatment of end-stage heart failure is cardiac
allograft, also known as heart transplantation, in which the patient’s own diseased heart is
replaced by a healthy heart from a deceased donor. While heart transplantation can be a lifesaving procedure, it is plagued by a slew of complications, including rejection, sepsis,
thrombosis, and damage to other organs as a result of life-long immunosuppressant therapy.4
Additionally, the scarcity of viable donor hearts necessitates the availability of another option for
patients awaiting heart transplantation. In the United States alone, there are approximately 3,000
people awaiting heart transplantation at any given time, while only about 2,000 people undergo
the procedure each year.5 Heart transplantation is often not even an option for many people living
in low-income countries, due to lack of access to medical care and the high cost of the procedure,
in addition to a shortage of donor organs. This imbalance between availability and need, as well
as the shortcomings of organ transplantation, demands an alternative, and ideally superior,
procedure for treating end-stage heart failure.

Ventricular Assist Devices
One such alternative to heart transplantation is the implantation of a ventricular assist
device (VAD), a mechanical pump that improves the circulation of blood to the body’s tissues
and lessens the strain on a weakened heart. Because the left ventricle is responsible for pumping
oxygenated blood throughout the entire body, heart failure typically begins with the left side of
the heart. Thus, most patients undergoing implantation of a VAD receive a left ventricular assist
device (LVAD). The first generation of VADs were designed to mimic the pulsatile flow of
blood through the native cardiovascular system by using a volume displacement pump, a pump
that alternately fills up with a fixed volume of blood from the ventricle and then ejects this blood
into the appropriate artery.6 While pulsatile VADs provide great hemodynamic support and
increase patient survival, they also have many substantial limitations.

The bulky size of the
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pump requires that the recipient have a large thoracic cavity, and the pump also has the
disadvantages of audible operation and limited long-term mechanical durability.7
In more recent years, VADs have been designed using a rotary pump mechanism that
provides continuous flow, in effect eliminating a normal detectable pulse. With only a single
moving part, the internal rotor, the design of the rotary pump is incredibly simple, which offers
many advantages. The simplicity of the rotary pump allows the device to be designed on a much
smaller scale, making these devices available to a formerly extremely underserved population:
individuals with a smaller body size, including most women and children.7 Figure 1-1 illustrates
the differences in the mechanisms of the two pumps and the corresponding sizes of the devices,
with the continuous-flow VAD shown taking up significantly less space in the body.

Figure 1-1. Diagram of a Pulsatile-Flow LVAD (A) and Continuous-Flow LVAD (B)6
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Because the rotary pump has only a single moving piece, it has both greater long-term
mechanical reliability and also a much quieter operation than does its pulsatile counterpart.8
VADs are increasingly being used for more long-term support due to this increased durability,
with devices being implanted at earlier stages of heart failure to improve patient survivability.
Additionally, individuals in end-stage heart failure who are not heart transplant candidates often
receive a continuous-flow VAD as a destination therapy, supporting the function of a strained
heart and improving the quality of life for the rest of the patient’s life.
While the continuous-flow VAD has many advantages over the pulsatile VAD, there are
still a number of complications that the two devices share. Some of these complications are
relatively common for many biomedical devices; limited biocompatibility of these devices makes
patients susceptible to thromboembolism and sepsis, and the possibility of device failure is
inevitable. Additionally, hemorrhagic stroke and right heart failure remain the leading causes of
death among recipients of both pulsatile and also continuous-flow VADs.8

Acquired von Willebrand Disease
One complication that is a rather unique phenomenon to patients with a ventricular assist
system is a disorder called Acquired von Willebrand Disease (AvWD), also referred to as
Acquired von Willebrand Syndrome (AvWS).

von Willebrand Disease (vWD) is the most

common hereditary bleeding disorder, caused by either a quantitative or qualitative insufficiency
of the blood glycoprotein von Willebrand factor (vWF).9 Individuals suffering from congenital
vWD produce either an inadequate amount of vWF or defective forms of the protein, preventing
normal blood coagulation. vWF is a multivalent, multimeric plasma glycoprotein that is vital to
maintaining hemostasis.10 This hemostatic maintenance is achieved through two means; vWF
serves both as the carrier for blood clotting Factor VIII and also as a bridge between activated
platelets and the subendothelium of damaged blood vessels.11 With binding sites for platelet
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receptors GpIbα, GpIIb/IIIa, and the GpIb/IX/V complex as well as subendothelium collagen
types I, III, and VI, vWF acts as a link between platelets in the blood and collagen in the vessel
wall and also between individual platelets, ensuring platelet adhesion and aggregation at sites of
blood vessel injury.10 Figure 1-2 demonstrates the mechanism of this phenomenon. A defect or
deficiency in the protein can result in excessive and prolonged periods of uncontrollable bleeding.

Figure 1-2. Schematic representation of the method of vWF-mediated platelet adhesion and
aggregation.11 vWF is released from the Weibel-Palade (WP) bodies of endothelial cells. At the
site of blood vessel injury, vWF adheres to subendothelial collagen via its A3 domain. Platelets
are recruited through vWF binding at its A1 domain to platelet receptor GPIbα. vWF further
cross-links platelets by binding at its C1 domain to platelet receptor GPIIb/IIIa. Also shown is
ADAMTS13, the protease responsible for cleavage within the A2 domain, at the Tyr-842/Met843 bond.
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Assembled from identical, disulfide-linked 250 kDa subunits, vWF is secreted from
endothelial cells as an ultra large (UL) polymer that can have molecular weight of up to about
20,000 kDa.12 This polymer is further transformed in the plasma into a series of various
multimers.13 While the mechanism of this transformation is not completely understood, it is
believed that the shear stress experienced by blood circulating through the body induces
conformational changes to vWF, making the protein more susceptible to proteolysis.13 This
proteolysis is vital to shear-induced platelet aggregation, with the larger vWF multimers deemed
necessary for platelet adhesion and aggregation at the injured vessel wall.10 While the smaller
multimers are less effective at promoting this phenomenon, there has yet to be the establishment
of a critical minimum vWF multimer size.
Patients that undergo VAD implantation frequently experience non-surgical bleeding,
which often cannot be attributed simply to the anticoagulation therapy that the patient receives.14
It has been hypothesized that the source of this bleeding is AvWD, with VAD patients regularly
exhibiting symptoms similar to individuals with certain forms of congenital vWD.14 This
hypothesis is further supported by the fact that high shear stresses are present in VADs and VAD
recipients most always experience diminished levels of high molecular weight (HMW) vWF
multimers.14 It is therefore assumed that the abnormally high shear stress experienced by blood
circulating through a VAD contributes to the excessive proteolysis of vWF, rendering the protein
ineffective and causing the patient to experience extensive and uncontrollable periods of blood
loss.
The occurrence of AvWD is also observed in individuals suffering from aortic stenosis
(AS), a disease of the heart valves in which the opening of the aortic valve is narrowed. Passing
through a stenosed aortic valve at higher than normal velocity, blood components are exposed to
high shear stresses.15 In most patients suffering from the condition, the relative proportion of
HMW vWF multimers is significantly lower than average.16 One study of AvWD in patients with
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AS found that after valve replacement, most patients exhibited a complete correction of this
defect 6 months after treatment.16 Elimination of the high shear stresses associated with a
stenosed aortic valve allows the vWF multimer distribution to return to normal, with a high
proportion of HMW multimers necessary for normal coagulation and hemostasis.

The Effect of Shear on vWF Conformation and Proteolysis
Extensive research conducted by the hematologist Dr. Han-Mou Tsai has revealed that
shear stress, and its effect on the conformation and subsequent proteolysis of vWF, is a primary
factor in the functioning of this coagulation factor. Tsai et al. showed that simple incubation of
normal plasma in vitro does not contribute to a decrease in plasma vWF multimer size, suggesting
that its proteolysis is the result of a change induced by the flow of blood through the body.13
Incubation of purified vWF with proteases in the presence of Guanidine HCl, which promotes
unfolding but not cleavage of the vWF structure, was shown to induce vWF cleavage that
increases with increasing Guanidine HCl concentration, indicating that the extent of vWF
unfolding determines its susceptibility to proteolysis.17
Tsai et al. explored the idea that the shear stress experienced by vWF in blood circulation
can induce this conformational unfolding, resulting in increased proteolytic susceptibility, by
analyzing vWF in sheared plasma. Subjecting heparinized plasma to a range of wall shear rates
(1,508-4,761 s-1), for a specified duration (~12 s), Tsai et al. found that high intensity shears
(particularly 3,351 and 4,761 s-1) cause a loss of HMW multimers, with this effect increasing with
magnitude of shear rate.13 Tsai et al. also found that particular smaller fragments of the protein
increased in concentration as a result of the decrease of HMW multimers.
Further investigation of the relationship between shear and the unfolding of vWF has
served to confirm the initial speculations made by Tsai et al. in his early experiments. Atomic
force microscopy (AFM) imaging of unsheared vWF in aqueous conditions showed the protein in
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a globular form.18 AFM images of vWF subjected to shear forces of 7.4 to 19 nN applied by an
AFM probe showed some protein unfolding, while a shear stress field of 35 dyn/cm2 applied by a
rotating disk system was shown to cause the protein to further unfold to an extended
conformation, with molecular lengths ranging from 146 to 774 nm.18 The images obtained by this
analysis (Figure 1-3) verified the theory that von Willebrand factor experiences a conformational
unfolding as a result of exposure to shear.

Figure 1-3. Model of the effect of shear on the conformation of vWF.18 When no shear is
present, vWF exists as a globular form (left). Subjecting vWF in aqueous conditions to shear
forces of 7.4 to 19 nN by an AFM probe causes vWF to unfold to the short extended chain
conformation (middle). Application of a shear stress field at 35 dyn/cm2 by a rotating disk
causes vWF to further unfold to the extended chain conformation, with molecular lengths
ranging from 146 to 774 nm (right).
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Identification of the fragments generated as a result of HMW multimer loss has allowed
investigators to better understand the mechanism of shear-induced vWF cleavage. Application of
shear to normal plasma generates the 140 and 176 kDa vWF fragments, and, to greater extent,
their 200 and 350 kDa dimers, respectively (Figure 1-3).13 Generation of these particular
fragments occurs as a result of exposure and proteolytic cleavage of the Tyr-842/Met-843 bond of
the vWF polymer.13 While both Tsai et al.17 and Furlan et al.19 were independently able to
partially purify and characterize the protease responsible for the cleavage at this particular bond,
it was not until many years later that a search of the human genome sequence identified this
protease as a member of the ADAMTS family of metalloproteinase.20

Figure 1-4. Schematic of the vWF polymer and the proteolytic fragments produced by
ADAMTS13 proteolysis.13 The vWF polymer (A) is cleaved at the Tyr-842/Met-843 bond
to form the 140 kDa proteolytic fragment (B), the 176 kDa fragment, the 350 kDa
proteolytic dimer (C), and the 200 kDa proteolytic dimer (D).
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While shear-induced proteolysis of HMW multimers to smaller multimers is detrimental
to coagulation, it should be noted that some amount of von Willebrand factor proteolysis by
ADAMTS13 is actually critical to normal hemostasis. Individuals with autoimmune inhibitors of
ADAMTS13 or genetic mutations of this protease suffer from a disorder known as thrombotic
thrombocytopenic purpura, characterized by the sudden development of platelet-rich thrombi in
the arterioles and capillaries.21 Shear-induced proteolysis at physiological levels of shear ensures
the breakdown of UL vWF polymers into HMW multimers that are critical to normal coagulation.
Further proteolysis at elevated levels of shear produces smaller, ineffective multimers that are
characteristic of the bleeding disorder AvWD.
Having established that shear stress seems to have a direct effect on the proteolysis and
consequent functionality of the coagulation factor vWF, this study seeks to develop a more
comprehensive understanding of this phenomenon. For the sake of simplicity, the effect of shear
stress will be evaluated by exposing plasma to a specific shear rate. Additionally, this study will
seek to understand the effect of duration of the shear stress by subjecting plasma to a specific
shear rate for different lengths of time. The hypothesis is that increased shear rates and higher
duration of shear exposure will result in elevated proteolysis of vWF HMW multimers. The
project strives to identify a baseline shear rate, duration of shear rate, or some relation between
the two that induces proteolytic cleavage of sufficient enough magnitude to render vWF
ineffective in the coagulation cascade.
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Chapter 2
Materials and Methods
To investigate the hypothesis, platelet poor plasma (PPP) was separated from human
blood via centrifugation. This PPP was then injected into a narrow flow loop via a syringe pump
to subject the sample to a specific shear rate for a specified duration. Following a modified
verison of the protocol developed by Dr. Han-Mou Tsai (Appendix A), the sheared plasma was
analyzed via gel electrophoresis and Western blotting in order to determine the levels of protein
in each sample. Purified vWF, isolated from human fresh frozen plasma (FFP) using a modified
version of the Thorell and Blombäck22 protocol, which was provided by Dr. Tsai (Appendix B),
served as a positive control for Western blot analysis.

vWF Purification
Two units of approximately 250 mL each of human fresh frozen plasma (FFP) (SeraCare
Life Sciences; Milford, MA) were thawed in a 37°C water bath and then transferred to a plastic
beaker. PEG 3350 (Atomic Microscopy Sciences; Hatfield, PA) was added to the plasma for a
final concentration of 1% (w/v) and stirred with a plastic stirring rod until completely dissolved.
The plasma-PEG mixture was then transferred to appropriate capped containers and frozen at 80°C overnight. Once completely frozen, the plasma-PEG mixture was placed in an ice bath until
completely thawed, taking approximately 2 days.
The plasma mixture was then subjected to three rounds of sequential centrifugation.
First, the solution was centrifuged at 4°C and 5000 rpm for 20 minutes. The supernatant was
removed and discarded, isolating the cryoprecipitate. A 55 mM sodium citrate solution, pH 7.4,
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was gradually added over the course of 15 minutes to dissolve the precipitate, until reaching a
final volume of 60 mL. A buffer containing 2.6 M glycine, 0.3 M sodium chloride, and 0.025 M
Tris with a volume of 200 mL was slowly added to the solution at 26°C for a final total volume of
260 mL. After stirring for approximately 60 minutes at 26°C, the solution was centrifuged at
26°C and 5000 rpm for 30 minutes. The supernatant was then transferred to a plastic beaker,
which was placed in an ice bath. Sodium chloride at 90.6 g/L of supernatant (23.56 g) was slowly
added and stirred into the solution for 30 minutes. The solution was then transferred to a 250 mL
centrifuge bottle and centrifuged at 4°C and 5000 g (7300 rpm) for 30 minutes. After removing
the supernatant, the pellet was dissolved in 55 mM sodium citrate, pH 7.4, to a final volume of
approximately 3 mL.

This unpurified vWF sample was then divided into 3 samples of

approximately 1 mL each for further purification.
Following the multi-step centrifugation process, the vWF sample was further purified
using gel filtration column chromatography.

A solution of 50 mM Tris – 50 mM sodium

chloride, pH 7.4 was used as the eluent buffer and Sephacryl-1000 SF (GE Life Sciences;
Pittsburgh, PA) served as the gel filtration medium. A glass chromatography column (Bio-Rad;
Hercules, CA) measuring 1.5 cm in diameter and 30 cm in height was mounted vertically and,
after wetting with eluent buffer, filled with a slurry containing approximately 70% gel, 30%
eluent buffer. The column was then rapidly packed at a flow rate of 1.15 mL/minute for at least
two bed volumes, the intended volume of the packed gel, which was 30 mL. A flow adaptor was
inserted into the column, and the column was packed for an additional two bed volumes at 1.15
mL/minute.
To prepare each ~1 mL sample for the column, each was separated into 2 - 450 µL microultracentrifuge tubes (Beckman Coulter; Brea, CA). Centrifuging the sample at 95,000 rpm for
10 minutes filtered the sample by forcing undissolved particles into the pellet. The supernatant
was removed from the centrifuge tubes and loaded onto the column. The filtered vWF sample
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was run through the column at a flow rate of 1.15 mL/minute. Fractions of eluted vWF were
collected after the void volume, the volume of buffer that elutes off the column before protein
elution, which was determined to be about 19-20 mL. Fractions were analyzed for protein
concentration using spectrophotometry and Western blot analysis verified the presence of vWF.
	
  

Blood Collection and Preparation
Whole human blood was collected from informed and consenting volunteers according to
a protocol approved by the Penn State Institutional Review Board (IRB#38442). Volunteers
donated approximately 9 mL of whole blood per blood draw session, and were limited to
donating once per week and no more than eight total times in a given year. The blood was
collected in 4.5 mL vacutainer tubes (BD Science; Franklin Lakes, NJ), each containing an anticoagulation solution of 3.2% sodium citrate; each tube contained 450 µL sodium citrate solution
such that the blood was diluted 1 part sodium citrate solution per 9 parts whole blood. To ensure
the safety of each consenting volunteer, blood was collected by qualified and trained
professionals in the Penn State General Clinical Research Center. In order to remove the risk of
pathological transmission, all collected blood that was not appropriately stored for future use was
treated with a 10% bleach solution before being discarded.
To remove unwanted cells and cellular material, and isolate the platelet poor plasma
(PPP) from whole human blood, the collected blood was subjected to one round of centrifugation.
After centrifuging the blood at 3000 rpm for 30 minutes, the supernatant PPP was separated from
the pellet and transferred to a separate, sterile container for use in the flow loop.

Flow Loop
After the PPP was isolated from whole human blood via centrifugation, small samples of
it were loaded into Luer Lock syringes (BD Science; Franklin Lakes, NJ). For each run of the
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loop, a 10 mL syringe was used to collect approximately 200 µL PPP. The PPP-containing
syringe was then loaded onto a syringe pump (KD Scientific; Holliston, MA) and attached, via a
Luer Lock adaptor, to the appropriate length of tubing. Each flow tube was cut from narrow
(0.508 mm diameter) stainless steel hypodermic tubing (Small Parts; Seattle WA). Each Luer
Lock adaptor consisted of a Luer Lock needle (BD Science; Franklin Lakes, NJ) inserted into a
small piece (~15-20 cm) of flexible tygon plastic tubing (McMaster-Carr; Elmhurst, Il), which
connected to the stainless steel capillary tubing. A model of this set-up is shown in Figure 2-1.
The PPP was propelled through the tubing at a specific flow rate in order to achieve a
specific shear rate. For a Newtonian fluid flowing through a pipe, the shear rate at the inner wall
is expressed by the following equation,
γ =4v/r

(Equation 1)

where γ is the wall shear rate, v is the linear velocity of the fluid, and r is the internal radius of the
pipe. Volumetric flow rate is expressed by the following equation,
Q =vA

(Equation 2)

where A is the cross-sectional area of the pipe, equal to πr2 in a circular pipe. Rearranging the
first equation in terms of v for substitution into the second equation yields the equation necessary
for calculating volumetric flow rate as a function of shear rate for a Newtonian fluid flowing
through a circular tube,
Q = γπr3/4

(Equation 3)

thus allowing for easy conversion between the two values.
The length of tubing necessary to subject the PPP to shear for a specific duration of time
was determined by the following equation,
L = Qt/πr2
where L is the length of tubing and t is time.

(Equation 4)

15
Table 2-1 illustrates all the combinations of shear rate and duration and the corresponding values
of flow rate and tubing length. Each unique tube length has a particular product of shear rate and
duration of shear, which will subsequently be referred to as the shear intensity.

Luer Lock Syringe
Luer Lock Needle
Flexible Tubing
Stainless Steel Capillary
Tubing with Length L

Syringe Pump with
Infusing Flow Rate Q

Figure 2-1. Diagram of flow loop

Table 2-1. Settings for each variation of the flow loop
Tube radius
(cm)

Tube length
(cm)

Shear
intensity

76.2

12000

152.4

24000

228.6

36000

304.8

48000

0.0254

Shear
rate (s-1)
2500
5000
10000
15000
25000
2500
5000
10000
15000
25000
2500
5000
10000
15000
25000
2500
5000
10000
15000
25000

Volumetric flow
rate (mL/min)
1.931
3.861
7.722
11.58
19.31
1.931
3.861
7.722
11.58
19.31
1.931
3.861
7.722
11.58
19.31
1.931
3.861
7.722
11.58
19.31

Time
(s)
4.8
2.4
1.2
0.8
0.48
9.6
4.8
2.4
1.6
0.96
14.4
7.2
3.6
2.4
1.44
19.2
9.6
4.8
3.2
1.92

Label
0A
0B
0C
0D
0E
1A
1B
1C
1D
1E
2A
2B
2C
2D
2E
3A
3B
3C
3D
3E
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While this study is concerned with the effect of shear stress on vWF proteolysis, shear
rate is used in analysis for the sake of simplicity. All fluids are defined by a dynamic viscosity
(µ) with SI units N•s/m2, a measure of the internal resistance of the fluid to motion. Greater
viscosity indicates a larger frictional relationship between individual fluid particles. When a fluid
flows within a bounded space, such as within a blood vessel, the surfaces in contact with the fluid
inhibit the fluid’s ability to flow, subjecting the fluid to a shear force. When calculated over a
specific area, this measurement is referred to as shear stress (τ) with SI units N/m2. In Newtonian
fluids, shear stress and viscosity are directly proportional, and are related to one another through
shear rate (γ), a value that is independent of viscosity and has units of inverse seconds (s-1). The
relationship between shear stress and shear rate is defined as follows,
τ= µ γ

(Equation 5)

allowing for ease of conversion between the two values, assuming that the viscosity is known and
can be approximated as being reasonably constant within the desired parameters. Shear rate is
used in this analysis because it simplifies the math involved in calculating the different settings
for each run of the flow loop.

Gel Electrophoresis
After collecting sheared plasma from each of the flow loops, each sample of sheared PPP,
unsheared PPP, or purified vWF was diluted with sample buffer at a ratio of 1:20, 50 µL of PPP
(or purified vWF) in 1 mL of sample buffer. Each component served a distinct function, most
notably sodium dodecyl sulfate (SDS), ethylenediaminetetraacetic acid (EDTA), and
bromophenol blue. SDS is well known as a detergent that denatures and linearizes proteins,
promoting their migration through the polyacrylamide gel. EDTA, a chelating agent that binds
ions necessary for ADAMTS13 function14, was used to prevent further proteolysis of vWF after
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the PPP was subjected to applied shear. Bromophenol blue allowed for visualization of the
proteins moving through the gel.
A 26-well precast Tris-HCl gel (Bio-Rad; Hercules, CA) was placed into a Criterion gel
electrophoresis cell (Bio-Rad; Hercules, CA) and immersed in electrode buffer. Each well of the
gel was then loaded with 7.5 µL of diluted sample, with one well reserved for the Kaleidoscope
molecular weight metric marker (Bio-Rad; Hercules, CA). The subject’s unsheared plasma was
loaded as a negative control and purified vWF was loaded as a positive control. Each loaded gel
was allowed to run at a constant current of 40 mA/gel for approximately 1.5 – 2 hours, until the
samples visibly reached the bottom of the gel.

Transfer
While running the gel, a low-fluorescence polyvinylidene fluoride (PVDF) membrane
(Bio-Rad; Hercules, CA) and two pieces of thick filter paper (Bio-Rad; Hercules, CA) were all
cut to fit the size and shape of the gel. They were each pre-wet in methanol for at least 10
minutes and then allowed to soak in transfer buffer for at least 10 minutes before the transfer
process. After this period, the gel was removed from its case and laid out over the membrane,
being careful to avoid any air bubbles. This gel-membrane complex was then placed between the
two pieces of filter paper, with this entire assembly sandwiched between two fiber pads. This
“sandwich” was then placed inside a cassette and loaded into the conveniently color-labeled
Criterion Blotter (Bio-Rad; Hercules, CA), and immersed in the transfer buffer. The transfer was
allowed to run overnight at a constant voltage of 12 V.

Detection
Upon completion of the transfer, the membrane was removed from the “sandwich” and
placed in a small container on a nutating mixer (Fisher Scientific; Waltham, MA). The membrane
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was soaked in blocking buffer, 15 mL 1 x TBS with 1% Casein (Bio-Rad; Hercules, CA), and
allowed to stir for 90 minutes at room temperature. The blocking buffer was then removed and
replaced with a primary antibody solution of 3 µL polyclonal Rabbit anti-Human vWF (Dako;
Glostrup, Denmark) in 15 mL of blocking buffer, allowing it to stir for 1 hour. To wash away
any unbound primary antibodies, the membrane was rinsed 3 times with distilled water and then
washed with 15 mL of a 20 mM Tris-HCl – 150 mM NaCl wash buffer, repeating this wash
process a second time. The membrane was then placed in a secondary antibody solution of 15 µL
IRDye 800CW Goat anti-Rabbit IgG (LI-COR; Lincoln, NE) in 15 mL of blocking buffer for 1
hour. The two-fold wash process was used to remove any unbound secondary antibodies.
Each membrane was visualized using the Odyssey CLx Infrared Imaging System (LICOR; Lincoln, NE). Images were adjusted in the Odyssey program in order to enhance contrast
and aid subsequent analysis.

19

Chapter 3
Results
Column Packing and Characterization
Achieving an efficient packing of the chromatography column proved to be one of the
most challenging steps in the process of vWF purification. The initial attempt involved attaching
a funnel to the top of the column and following the packing procedure given in the Sephacryl S1000 Superfine product manual. After preparing the column, a degassed slurry of gel and eluent
buffer was carefully poured into the column and the funnel was then filled with eluent buffer.
Because this setup did not allow for the use of a peristaltic pump, the column was simply allowed
to pack until all of the eluent buffer passed through the gel medium, taking several hours. This
method made it extremely difficult to control the flow rate of the eluent buffer through the
column, with it initially packing very rapidly and then gradually slowing to a very slow packing
rate. The end result was a column with a gradient of packing efficiency across its length,
producing very poorly separated samples. The samples run on this column did not have any
detectable vWF, likely due to severe sample dilution as a result of the inefficient column packing
(Figure 3-1).
After the initial failure with the gel chromatography column, many steps were taken to
more efficiently pack the column and to evaluate this packing efficiency. A buffer reservoir
specific to the column was purchased, in the hopes that this would allow the use of a peristaltic
pump for column packing. The reservoir proved to be rather poorly constructed, with a top that
did not seal completely. Although the reservoir had the advantage of being completely fitted to
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Figure 3-1. PVDF membrane loaded with fractions eluted off an
early attempt at the chromatography column. Fractions 4 and 5
collected after the void volume appeared to contain minimal
protein concentration in spectrophotometry analysis. Samples 4x
and 5x contain fractions 4 and 5 at twice the typical sample
buffer concentration. Western blot indicated that the protein
isolated was not vWF, or the concentration of vWF was not
significant enough to evoke detection. Unsheared plasma control
(N) was loaded as a reference for analysis.
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the column, an improvement from the funnel, the peristaltic pump could still not be used and the
resulting packed column was barely any better than the initial attempt.
In order to avoid wasting the prepared samples by running them through a poorly packed
column, a new step was added to characterize the column packing before use. Blue dextran, the
polysaccharide dextran with a blue dye covalently attached, is often used to measure the void
volume of size exclusion chromatography columns, and can also be used to assess the column
packing and resolution.23 Running the column with a 1 mL sample of 2 mg blue dextran per mL
water revealed the poorness of the packing efficiency, demanding a better method of column
packing.
After consulting with Dr. Tsai, it was determined that the best method for packing the
Sephacryl column without a peristaltic pump would be to pour the column in increments,
allowing each increment to settle completely before pouring more gel slurry. In order to achieve
the total bed volume of ~30 mL, small amounts of gel slurry followed by a nearly equivalent
volume of eluent buffer (~10 mL) were added stepwise until the final volume was reached. This
made it much easier to control the flow rate of the eluent buffer through the column, keeping it
relatively constant at about 1 mL/min. Figure 3-2 shows a step-by-step diagram of this column
packing procedure.
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

Eluent
buffer

Gel slurry

Packed gel

Figure 3-2. Diagram of step-wise column packing procedure. (1) The column is filled with
eluent buffer and then drained so that there is approximately 1 cm left in the column (2). (3)
A small volume of gel slurry (~10 mL) is poured into the column, followed by an equal
volume of eluent buffer. The slurry is allowed to settle into a packed gel (4). Another
small volume of slurry is poured into the column, followed by eluent buffer (5) and allowed
to settle (6). This procedure is repeated until the desired packed bed volume of gel is
reached (7).
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Evaluation of the packed column with blue dextran showed that the packing efficiency
was much greater than in previous attempts. Additionally, the void volume was determined to be
about half of the packed bed volume at approximately 15 mL. This value was later determined to
be about 19-20 mL, as this was the volume of eluent buffer collected off the column before the
collection of any eluted vWF. An unpurified sample of vWF, obtained from sequential
centrifugation of fresh frozen human plasma, was successfully run on the column.
Evaluation of the eluted fractions using UV/Vis spectrophotometry indicated, for the first
time, that a high concentration of protein was present in one of the 1 mL fractions collected after
the void volume. Western blot analysis of this fraction verified the presence of vWF. As can be
seen in Figure 3-3, a few fractions prior to this fraction also contained vWF. Because higher
molecular weight proteins elute first in size exclusion column chromatography, fraction 5
contains vWF of the highest molecular weight and at the lowest concentration, explaining why
spectrophotometry analysis of the fraction did not produce a definitive protein peak. Subsequent
fractions have increasing amounts of lower molecular weight vWF multimers. Many of the
fractions collected after fraction 10 also contained trace amounts of vWF, however their
concentration was deemed too low to be pooled into the total vWF sample. Pooling together all
fractions containing vWF generated a total purified vWF sample of approximately 6 mL. Figure
3-3 shows an imaged membrane that was loaded with samples from the fractions containing
significant protein concentration.
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Figure 3-3. PVDF membrane loaded with fractions eluted off the column. (I) and (II)
are two fractions collected near the end of the void volume. (1) - (10) are the first 10
fractions collected after the void volume. (N) is a plasma control sample from a
previous experiment, used for reference and comparison. UV/Vis spectrophotometry
indicated that fraction 10 contained protein. Western blot analysis verified the presence
of vWF in fractions 5-10. Bands of interest are highlighted with white arrows.
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Analysis of Purified vWF
One round of the experiment was used to evaluate the effect of shear on the purified
vWF. A small sample of vWF (~ 200 µL) was run through the flow loop for each of the 15
unique combinations of shear rate and duration, and prepared for analysis using the same method
described for sheared PPP. As can be seen in Figure 3-4, the distribution of multimers in each of
the lanes, including the unsheared purified vWF, is uniform. This reinforces the notion that
shear-induced cleavage of HMW multimers is not a direct product of applied shear. While shear
forces induce a conformational change in the vWF structure that increases susceptibility to
proteolysis, the absense of the protease ADAMTS13 in the purified vWF sample ensures that the
multimers are not cleaved in the flow loop.
It can be noted that the intensity of the samples perfused through the capillary tubing is
somewhat lower than the intensity of the control sample. However, the actual distribution of
multimers does not change in the sheared samples as compared to the control sample, with all
appearing to have equal proportions of each of the distinct multimers. Tsai noticed the same
phenomenon in his analysis, finding that the perfusion of purified vWF did not change the
multimer pattern, but caused a decrease in vWF concentration that he attributed to nonspecific
adsorption.13
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Figure 3-4. PVDF membrane loaded with samples of purified vWF run through the flow loop.
The membrane also contains a protein marker (KM) and an unsheared vWF control (P). None
of the samples run through the loop show an indication of proteolysis. Bands of interest are
highlighted using white arrows.
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Past Work
Work on this project was initiated last year by Matthew Scanlon, with guidance and
direction provided by Dr. Tsai.24 His first experiments focused on three specific shear rates, 2500,
5000, and 7500 s-1, each in combination with different durations of time between 0.1 and 1 s.
None of these shear rate/duration combinations yielded any significant results. It was speculated
that the incredibly short shear durations, as compared to Tsai’s significantly longer 12 s duration,
were not substantial enough to cause enhanced susceptibility of vWF multimers to proteolysis. It
was thus determined that the project should focus on duration values of greater magnitude.

Analysis of Sheared Platelet-Poor Plasma
It was decided that a tube of incredibly greater length would be used, in comparison with
the short tubes, in order to ensure that some amount of proteolysis would result from perfusion.
Many of the images generated from this series of experiments showed a relatively clear trend. In
nearly every analysis, the samples run through the 10-foot long capillary tubing, which was over
6 times longer than the second longest tube, showed clear signs of proteolysis. In some of these
images, the samples displayed a prominent band at the 350 kDa mark, indicating vWF proteolysis
to form the dimer of the 176 kDa proteolytic fragment (Figure 3-5). Densitometry analysis of the
350 kDa dimer in Figure 3-5 found that its concentration increased approximately three-fold in
lanes J and K as compared to the unsheared control. However, lanes in which exposure to shear
was for a very short duration actually showed a decrease in concentration of this dimer, indicating
protein loss as a result of perfusion through the capillary tubing. Other images clearly indicated a
substantial loss of HMW multimers, with greatly reduced intensity of bands that are typically
rather significant (Figure 3-6). However, results generated from some donors continued to show
no changes in multimer distribution, indicating little to no vWF proteolysis (Figure 3-7).
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Figure 3-5. PVDF membrane loaded with samples run during a previous
trial, displaying an increase in the 350 kDa dimer. The membrane contains a
protein marker (KM) and unsheared plasma control (N). The sheared plasma
lanes correspond to the following settings: (A) 2,500 s-1 for 0.5 s; (B) 2,500
s-1 for 1.0 s; (C) 2,500 s-1 for 19.2 s; (D) 5,000 s-1 for 0.5 s; (E) 5,000 s-1 for
1.0 s; (F) 5,000 s-1 for 9.6 s; (G) 7,500 s-1 for 0.1 s; (H) 7,500 s-1 for 0.5 s; (I)
7,500 s-1 for 1.0 s; (J) 7,500 s-1 for 6.4 s; (K) 10,000 s-1 for 4.8 s. Lanes C, F,
J, and K display an increased band at 350 kDa, which is highlighted with a
black arrow.
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Figure 3-6. PVDF membrane loaded with samples run during a previous trial,
displaying a decrease in HMW multimers. The membrane contains a protein
marker (KM) and unsheared plasma control (N). The sheared plasma lanes
correspond to the following settings: (A) 2,500 s-1 for 0.5 s; (B) 2,500 s-1 for 1.0 s;
(C) 2,500 s-1 for 19.2 s; (D) 5,000 s-1 for 0.5 s; (E) 5,000 s-1 for 1.0 s; (F) 5,000 s-1
for 9.6 s; (G) 7,500 s-1 for 0.1 s; (H) 7,500 s-1 for 0.5 s; (I) 7,500 s-1 for 1.0 s; (J)
7,500 s-1 for 6.4 s; (K) 10,000 s-1 for 4.8 s. Lanes C, F, J, and K display a decrease
in HMW multimers. Regions of interest are highlighted using red boxes.
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Figure 3-7. PVDF membrane loaded with samples run during a previous trial,
displaying no significant signs of proteolysis. The membrane contains a protein
marker (KM) and unsheared plasma control (N). The sheared plasma lanes
correspond to the following settings: (A) 2,500 s-1 for 0.5 s; (B) 2,500 s-1 for 1.0 s;
(C) 2,500 s-1 for 19.2 s; (D) 5,000 s-1 for 0.5 s; (E) 5,000 s-1 for 1.0 s; (F) 5,000 s-1
for 9.6 s; (G) 7,500 s-1 for 0.1 s; (H) 7,500 s-1 for 0.5 s; (I) 7,500 s-1 for 1.0 s; (J)
7,500 s-1 for 6.4 s; (K) 10,000 s-1 for 4.8 s.
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After establishing that too short duration of exposure to shear does not appear to induce
proteolysis, the focus turned to longer durations of varying values. Three long stainless steel
capillary tubes at 5 ft, 7.5 ft, and 10 ft, (or 152.4 cm, 228.6 cm, and 304.8 cm, respectively) were
used to ensure a range of long shear durations for each of the samples.

Each tube was

representative of a particular shear intensity, 24000, 36000, and 48000, respectively, defining a
constant for analysis of different runs through the same tube. Each tube was used to shear
samples at 5 different combinations of shear rate and duration, with the 5 shear rates of 2500 s-1,
5000 s-1, 10000 s-1, 15000 s-1, and 25000 s-1 repeated for each tube, providing a constant for
analysis between tubes of different lengths.
This set-up seemed to provide some useful information.

However, as with past

investigation of the vWF shear-enhanced proteolysis phenomenon, there were significant
variations between different donors and some images seemed to display slightly erratic results.
For the most part it was observed that, for each unique tube, the 350 kDa band appears to increase
in intensity with increasing shear rate. However, there seemed to be little difference between
individual tubes, which came as a surprise. It was assumed that the difference between lengths
was inconsequential, thus inhibiting this analysis. In early studies, the second longest tube was
about 1.5 ft, as compared to the longest tube at 10 ft, representing an over six-fold difference
between these tube lengths. Because the longest tube was only twice the length of the shortest
tube in this iteration of the study, it was assumed that this led to the insignificant differences
between samples sheared through separate tubes.
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Figure 3-8. PVDF membrane loaded with samples run through the loop
demonstrating increasing intensity of the 350 kDa dimer with increasing shear rate.
The membrane shows a protein marker (KM), an unsheared plasma negative control
(N) and a purified vWF positive control (P). The sheared lanes correspond to the
following settings (1A) 2500 s-1 for 9.6 s, (1B) 5000 s-1 for 4.8 s, (1C) 10000 s-1 for
2.4 s, (1D) 15000 s-1 for 1.6 s, (1E) 25000 s-1 for 0.96 s, (2A) 2500 s-1 for 14.4 s,
(2B) 5000 s-1 for 7.2 s, (2C) 10000 s-1 for 3.6 s, (2D) 15000 s-1 for 2.4 s, (2E) 25000
s-1 for 1.44 s, (3A) 2500 s-1 for 19.2 s, (3B) 5000 s-1 for 9.6 s, (3C) 10000 s-1 for 4.8
s, (3D) 15000 s-1 for 3.2 s, (3E) 25000 s-1 for 1.92 s. While there is little variation
between different tubes, for each tube the 350 kDa band appears to increase in
intensity with increasing shear rate. This donor curiously already has a significant
amount of the 200 and 350 kDa dimers present in normal unsheared plasma.
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Figure 3-9. PVDF membrane loaded with samples run through the loop demonstrating
increasing intensity of the 350 kDa dimer with increasing shear rate. The membrane
shows a protein marker (KM), an unsheared plasma negative control (N) and a purified
vWF positive control (P). The sheared lanes correspond to the following settings (1A)
2500 s-1 for 9.6 s, (1B) 5000 s-1 for 4.8 s, (1C) 10000 s-1 for 2.4 s, (1D) 15000 s-1 for 1.6
s, (1E) 25000 s-1 for 0.96 s, (2A) 2500 s-1 for 14.4 s, (2B) 5000 s-1 for 7.2 s, (2C) 10000
s-1 for 3.6 s, (2D) 15000 s-1 for 2.4 s, (2E) 25000 s-1 for 1.44 s, (3A) 2500 s-1 for 19.2 s,
(3B) 5000 s-1 for 9.6 s, (3C) 10000 s-1 for 4.8 s, (3D) 15000 s-1 for 3.2 s, (3E) 25000 s-1
for 1.92 s. While there is little variation between different tubes, for each tube the 350
kDa band appears to increase in intensity with increasing shear rate. Lane 3E, with the
highest shear rate at the highest shear intensity, clearly contains the most intense 350
kDa dimer band.
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Chapter 4
Discussion

vWF Purification
A major component of this experiment was to purify von Willebrand factor to be used as
a positive control in Western blot analysis of sheared vWF. Because the experiment is relatively
new to the Artificial Heart and Cardiovascular Fluid Dynamics Laboratory at Penn State, the
people contributing to the project were unsure about the authenticity of the vWF fragments that
were detected, never ruling out the possibility of significant nonspecific antibody binding. The
purification protocol was deemed necessary to verify that the visualized bands were indeed
fragments of the vWF polymer. While the purification was based on an established and well-used
protocol, successful isolation of vWF from human plasma proved to be much more difficult and
time-consuming than anticipated. In the first attempt at following the protocol, a number of
issues arose at various stages, making it necessary to make unique adjustments.
One of these changes occurred in the first steps of the experiment when it was discovered
that the available 250 mL centrifuge bottles were not made to withstand sub-zero temperatures.
Thus, instead of using the centrifuge bottles to freeze the plasma-PEG solution at -70 to -80°C
and then thaw on ice water over the course of two days, separate bottles were purchased for this
step.

The freezing and then slow thawing of plasma mixed with PEG 3350 produces a

cryoprecipitate that contains von Willebrand factor and is the first key step in its isolation.22
Centrifugation more thoroughly separates the cryoprecipitate from the supernatant, which is then
added to in subsequent steps. Because the cryoprecipitate was formed in a separate container, it
had to be scraped out and poured into the centrifuge bottles with the plasma supernatant. This
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scraping stirred up the cryoprecipitate and made the successive centrifugation less effective.
Cryoprecipitate was lost to both the original bottle and also to the supernatant, which was
removed and discarded. It is also possible that this scraping enhanced shear-induced proteolytic
cleavage of vWF, providing it with fewer opportunities for future use in studies concerned with
proteolysis of vWF as a function of shear.
Additionally, due to the condition of available equipment, it was not possible to transition
from the first centrifuge step to the second centrifuge step in the approximately 40 – 45 minutes
allotted to these intermediate steps. Because it took at least an hour and a half for the centrifuge
to warm up from 4°C to 26°C, the mixture was left stirring for much longer than advised. There
were suspicions that this could be unfavorable to the procedure.

However, it was quickly

discovered that other steps in the protocol were the true cause of unsuccessful isolation.
The chromatography column proved to be the biggest obstacle to vWF purification.
Initially, a very simple glass flash chromatography column was purchased, not realizing that the
protocol was much more complicated.

Thanks to Dr. William Hancock (Professor of

Bioengineering), a more sophisticated chromatography system was used, consisting of a glass
column with fitted flow adaptor and a peristaltic pump, enabling precise control of the flow rate
through the column. After setting up the system and gaining more thorough clarification of the
process, it seemed that the column would be quickly ready for use.
It soon became evident that the actual packing of the column was the most crucial and
difficult step to complete. Column packing is critical to performance of the chromatography
column, with a poorly packed column offering poor separation of samples into their component
parts or causing severe dilution of the sample. The first few runs on the column produced
samples with minimal protein concentration, as determined by spectrophotometry. Western blot
analysis of these samples determined that the protein isolated was either a different plasma
protein than vWF, or the vWF concentration was too dilute for the imaging system to recognize
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its presence. Because of these unsuccessful runs on the column, it became necessary to find a
way to characterize the packing efficiency before wasting any more sample on an ineffective
column. The use of blue dextran to determine the void volume and also to qualitatively analyze
the column was critical to achieving favorable results. Analysis of the final column with blue
dextran emphasized that the step-wise method of packing the column with Sephacryl minimized
band broadening of samples and provided a concrete idea of when to expect the vWF to elute off
the column, after the void volume of eluent buffer of approximately 19-20 mL.

Effect of Duration of Shear on Proteolysis
Early experiments performed by Matthew Scanlon concentrated on a variety of shear
rates, all for relatively short durations.24 When no signs of proteolysis were detected in the
resulting samples, it was determined that a wider variety of durations needed to be included,
namely those with greater magnitude. This decision resulted in the first significant findings of the
study. Samples subjected to a variety of shear rates, including physiologically realistic values for
an average human as well as relevant values for patients with ventricular assist devices, all
experienced heightened proteolysis when exposed to this shear for a substantial amount of time.

Effect of Magnitude of Shear on Proteolysis
Magnitude of shear seemed to have less of an effect on vWF cleavage than did its
duration. Increasing the shear rate in combination with a long duration of shear did appear to
magnify the proteolysis, which is rather evident in Figure 3-5 moving across from lane C to lane
F and then to lanes J and K. The samples in these four lanes were all perfused through the same
length of tubing, which correlates to a uniform shear intensity equal to 48,000 in all four lanes.
Keeping this value constant and increasing shear rate while decreasing duration of shear seems to
increase proteolysis to some extent. However, subjecting the plasma to a high shear rate, such as
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7,500 s-1, for a short duration does not seem to have any significant effect on vWF cleavage.
Thus, it is assumed that there is some minimal duration of shear that must be met before any
proteolysis is evident.

vWF Proteolysis as a Cumulative Effect
Computational analysis of a centrifugal LVAD design has predicted that shear rates in
this type of device can be up to about 30,000 s-1 in certain regions.25 However, it is estimated that
exposure to these very high shear regions is very minimal; in some places the duration of this
shear is less than 5 ms.25 Because high shear rates for short durations have not appeared to impact
shear-induced vWF proteolysis, it is suggested that perhaps the observation of AvWD in patients
with implanted VADs is due to cumulative proteolysis over time. As the vWF multimers travel
multiple cycles through a VAD, they are gradually proteolyzed more and more until they have
been reduced to the inefficient proteolytic fragments of 140 kDa, 176 kDa, and their 200 kDa and
350 kDa dimers, respectively.

Discrepancies between Donors
One of the major difficulties in this study is the vast variation in vWF structure and
function between unique donors. Some of the images acquired from past variations of the
experiment displayed indetectable differences between samples perfused at varying combinations
of magnitude and duration of shear (Figure 3-7). Other images displayed erratic changes in
intensity of different bands, with seemingly no trends in this variation. Additionally, some
donors appeared to already have a significant proportion of vWF proteolytic fragments in their
unsheared plasma. This is readily apparent in Figure 3-8, in which the donor’s unsheared plasma
contains not only the 350 kDa proteolytic dimer, but also the 200 kDa proteolytic dimer. This
discovery came at a huge surprise, as the 200 kDa dimer has not yet been observed in this study,
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neither as a product of vWF proteolysis nor as a native constituent of a donor’s plasma. Because
of these vast differences between different individuals, analysis of images is nearly impossible to
consider in any other way than a case-by-case basis.

Protein Loss or Dilution
One finding in this study that was not readily apparent in previous iterations of the study
in this particular lab is that perfused plasma suffers from a loss or dilution of vWF as a result of
this perfusion. This phenomenon was mentioned earlier when analyzing perfused purified vWF,
which does not undergo proteolysis as a result of the absence of the ADAMTS13 protease. Tsai
attributed this decrease in band intensity to nonspecific adsorption of vWF to the capillary tubing
wall.13 Additionally, water that is run through the loop as a means of cleaning out the loop
between different plasma runs is nearly impossible to clear out completely with air. Thus, some
drops of water remain in the loop, diluting the very small samples (200 µL) of PPP perfused
through the tubing. In donors that already have a significant concentration of the 350 kDa dimer,
this loss or dilution of vWF more significantly impedes analysis. Some perfused samples appear
to have a decreased 350 kDa band as compared to the unsheared plasma control, which is
inconsistent with the expected results for sheared plasma.

Conclusion
Findings from this study seem to support established theories about the role of shear
stress in vWF proteolysis. At heightened levels of shear, the 350 kDa proteolytic dimer has been
observed to increase in proportion to other vWF fragments. There seems to be some minimal
duration of shear below which vWF proteolysis does not occur, or is too insignificant to be of
concern.

At constant shear intensity, vWF proteolysis increases with increasing shear rate.

Because the duration of shear is so short in regions of high shear stress within VADs, but VAD
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patients experience symptoms of AvWD, there appears to be evidence that vWF proteolysis is a
cumulative effect. It is believed that over time, multimers are proteolyzed over and over until
they are completely reduced to the low weight proteolytic fragments that are incapable of
inducing coagulation.

Future Studies
While this study produced some significant findings and identification of trends in the
proteolysis of the coagulation factor vWF, there are still many unanswered questions concerning
this phenomenon. Future studies should look at lower shear intensities, while still maintaining
the use of high shear intensities, in order to attempt to determine at what value of shear intensity
does vWF proteolysis actually begin to occur. Additionally, given that the shear rates in some
regions of a VAD can be as high as about 30,000 s-1, some iterations of the experiment should try
to incorporate some extremely high shear rates, for both short and also long duration. Future
studies will also involve more quanitification of the intensity of proteolytic bands. Normalization
of these values to account for protein loss will help to further clarify this quantification. More indepth examination of the shear-induced proteolysis of HMW vWF multimers, looking at a
broader range of shear rates and durations of shear, will help to clarify the observance of AvWD
in most VAD patients.
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Appendix A
SDS PAGE and Electric Transfer for Detection of vWF Fragments

Electrophoresis
Bio-Rad Criterion cell
Gels
Bio-Rad Criterion SDS Tris HCl gels, 5%, 1 mm thickness, 26 wells
Sample buffer (SDS non-reducing buffer, no mercaptoethanol)
 Distilled water
4.0 mL
 0.5 M Tris-HCl, pH 6.8
1.0 mL
 Glycerol
0.8 mL
 10% (w/v) SDS stock
1.6 mL
 100 mM EDTA stock
0.4 mL
 0.1% (w/v) bromophenol blue
0.2 mL
Dilute the plasma samples at 1:20 with the sample buffer and keep at 37°C for 15 min before
loading.
5X Electrode buffer, pH 8.3
 Tris base 9 g
 Glycine
43.2 g
 SDS
3g
Make to 600 mL with distilled water.
1X Electrode buffer
 5X stock
 Distilled water

100 mL
400 mL

Load the sample mixtures, 7.5 µL/well
First lane: Kaleidoscopic Mr marker
Running condition
Constant current, ≈ 40 mA/gel, starting voltage ≈ 100 V
Running time is ≈ 1.5 – 2 hours, until the blue dye reaches the bottom.
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Transfer
Bio-Rad Criterion Blotter, PVDF membrane and thick filter paper for blotting
10X Transfer buffer stock
 Tris base 30.3 g
 Glycine
144.1 g
Make to 1 L with distilled water.
1X Transfer buffer
 10X stock
 Methanol
 Distilled water
Chill to 4°C.

150 mL
300 mL
1050 mL

Sandwich
Cassette, from bottom (black side):
Fiber pad
Thick filter paper
Gel, equilibrated in transfer buffer ≈ 5 min in a shallow tray
- Slip a filter paper underneath the gel, spread out the gel evenly in the buffer
- Trim the filter to gel size (and trim the gel below the 100 kD marker if necessary to fit two gels
in one cassette)
- Transfer the gel/filter paper on to the thick filter paper
PVDF, cut to size, pre-wet >10 min /methanol followed by transfer buffer, layered over the gel,
avoiding air bubbles
- Rollering lightly to remove air bubbles, avoid stretching the gel
Thick filter paper
- Rollering to remove air bubbles
Fiber pad, close the cassette and insert it in the blotter
Transfer Condition
12 V, overnight, at room temperature, with a gentle stirring magnet bar
Blocking
BioRad 1x TBS/Casein, 90 min at room temperature
Detection
1st antibody: polyclonal anti-vWF (Dako) 1:5,000 – 1:7,500 in blocking buffer, 60 min.
2nd antibody: HRP conjugated GAR IgG (Pierce/Thermo Scientific) 1:5,000 – 1:10,000 in
blocking buffer, 60 min.
After each antibody, rinse 3x with DW, wash with 100 mL wash buffer, 10 minutes x 2.
Visualization
SuperSignal WestPico (Pierce/Thermo Scientific), as instructed
Place PVDF between two sheets of saran film
X-ray film exposure, duration to optimal band OD
Alternatively, use a chemiluminescence imagining station
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Appendix B
Isolation of vWF from Fresh Frozen Plasma

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Dissolve one unit of FFP in water bath. Transfer the plasma to a plastic beaker.
Add 1% PEG 3350. Make sure it is completely dissolved.
Aliquot in two 250-mL centrifuge bottles. Balance. Freeze at –70°C overnight.
Thaw on ice water, over 1 or 2 nights.
Centrifuge at 4°C, 5000 rpm x 20 minutes.
Save the supernatant at –70°C for other uses (e.g. ADAMTS13 isolation) or discard.
Dissolve x 15 minutes the precipitate in 55 mM Na citrate, pH 7.40, to 60 mL final volume
Slowly add 200 mL 2.6 M glycine buffer (pH 6.8) at 26 - 30°C to a final concentration of
2.0 M
Stir x 20 minutes at 26°C.
Centrifuge at 26°C, 5000 rpm x 30 minutes. Transfer the supernatant to a plastic beaker.
Add 90.6 g/L NaCl to supernatant (23.56 gm/260 mL)
Stir at 20°C (or lower, on ice water) for 30 min.
Centrifuge at 5000g, 20°C (or lower to 4°C) for 30 min.
Dissolve precipitate in 55mM Na citrate buffer, pH 7.4, and final volume 3 - 3.5 mL.
Gel filtration Sephacryl-1000 (or BioGel A15M) in 50 mM Tris - 50 mM NaCl buffer, pH
7.4. (The column should be washed with acetone and pre-equilibrated with TS). Collect the
proteins eluted at and after the void fractions. Check protein concentrations.

Buffers
1. 1 M Na citrate: 2.94 gm/10 mL
5.5 mL + DW q.s. 100 mL = 55 mM Na citrate
2. 1M Citric acid: 2.10 gm/10 mL
5.5 mL + DW q.s. 100 mL = 55 mM citric acid
3. 55 mM citrate buffer, pH 7.4
Titrate 55 mM Na citrate with 55 mM citric acid to pH 7.4
4. 2.6 M glycine buffer, pH 6.8, 200 mL
2.6 M Glycine = 39.04 gm
0.3 M NaCl = 3.51 gm
0.025 M Tris = 0.61 gm
DW 170 mL
Dissolve at 37°C
q.s. 200 mL
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Appendix C
List of Materials
	
  
Item	
  	
   	
  

	
  

	
  

	
  

	
  

Vendor	
  

	
  

	
  

Catalog	
  No.	
  
23D00	
  	
  

Human Fresh Frozen Plasma

SeraCare Life Sciences

Carbowax PEG 3350

Electron Microscopy Sciences 19760

Glycine

Fischer Scientific

G48-212

Sodium Chloride

Sigma-Aldrich

57653

Tris

Sigma-Aldrich

T1503

Sodium Citrate Dihydrate

Sigma-Aldrich

W302600

Citric Acid Monohydrate

Sigma-Aldrich

C1909

Econo Column

Bio-Rad

737-1532

Flow Adaptor

Bio-Rad

738-0016

Sephacryl S-1000 Superfine

GE Life Sciences

17-0476-01

Syringe Pump

KD Scientific

78-0210

Luer Lock Syringe

BD Science

309604

Precisionglide Luer Lock Needle

BD Science

305175

Stainless Steel Capillary Tubing

Small Parts

HTX-22T

Tygon PVC tubing

McMaster-Carr

5155T11

Glycerol

Fischer Scientific

G31-500

10% SDS Stock

Promega

V6551

500mM EDTA Solution

TekNova

E0308

Bromophenol Blue

Bio-Rad

161-0404
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Tris-HCl

Sigma-Aldrich

T3253

Criterion Cell

Bio-Rad

165-6001

Criterion Tris-HCL Gels

Bio-Rad

345-0003

Kaleidoscope Marker

Bio-Rad

161-037

Criterion Blotter

Bio-Rad

170-4070

Thick Blot Paper

Bio-Rad

170-4085

PVDF Low-Fluorescence Membrane

Bio-Rad

162-0264

Methanol

Acros Organics

423950040

Nutating Mixer

Fisher Scientific

2236315

1x TBS/Casein Blocking Agent

Bio-Rad

161-0782

Polyclonal Rabbit anti-Human vWF

Dako

A0082

Goat anti-Rabbit IRDye 800CW

LI-COR

926-32211

Odyssey CLx Infrared Imaging System

LI-COR

9140
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Appendix D
Institutional Review Board Consent Form

Informed Consent Form for Biomedical Research
The Pennsylvania State University
Study Title:

Mechanisms of Acquired von Willebrand
Syndrome in LVAD Patients

Principal Investigator:

Keefe Manning
205 Hallowell Building, University Park, PA 16802
kbm10@psu.edu; (814) 863-6318

Other Investigators:

William Weiss, PhD, Margaret Slattery, PhD

Participant Name:
Background for the Study
Cardiac disease is the leading cause of death in the developed world, causing over
600,000 deaths in the United States alone in 2009. One method of treating cardiac morbidity is
through the use of ventricular assist devices, instruments which improve blood flow throughout
the body and reduce strain on the heart. However, the use of assist devices in patients with
cardiovascular disease appears linked with the incidence of acquired von Willebrand Disease, an
illness that causes gastrointestinal bleeding. The unnatural flow induced on blood by assist
devices seems to contribute to enhanced break-up of von Willebrand factor (vWF), a key
chemical component in blood clotting. The focus of this study is to understand the extent that
enhanced vWF destruction will be related to an increase in flow that the blood is exposed to
through the assist device.
Purpose of the study
The purpose of this study is to determine at what force and exposure time does vWF
break up occur.
You are being asked to participate in this study because you are a healthy individual
between the ages of 18 and 35 and have no known medical reasons as to why you should not have
your blood drawn (i.e., low iron), and you weigh at least 110lbs.
Methods and Procedures
You will be asked to come to the nurses’ station at the Clinical Research Center at the
Noll Laboratory on the University Park campus for a 30 minute visit for a blood draw. At this
visit, a 10-20 ml (20 mL is significantly less than 2 tablespoons) sample of blood will be drawn to
remove red blood cells from the whole blood resulting in only plasma with vWF. As a participant,
the amount of blood drawn will not exceed 550 ml (550 ml is a little over 37 tablespoons or a
little over 1 pint) in an 8 week period and collection may not occur more frequently than 2 times
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per week. All unused portions of the blood will be disposed. If the first blood draw does not
work, it may be repeated with your permission.
As a general health screen, you must be able to answer NO to the following questions each
day that you donate a blood sample.
• Are you under 18 years of age?
• Do you weigh less than 110 lbs?
• If female, are you pregnant?
• Are you anemic or have a history of anemia?
• Are you taking prescription antibiotics?
• Are you taking allergy or cold medication?
• Do you have or do you have a history of HIV or Hepatitis infection?
• Have you had mononucleosis in the past 6 months?
The initial blood draw will include 1 teaspoon of blood for a lab test called a complete
blood count with differential cell count (CBC with diff). Complete blood counts are taken
because the CBC can reveal anemia (low red blood cell count), leukopenia (low white cell count)
and thrombocytopenia (low platelet count), which may indicate an underlying condition or
illness. In the even that abnormal blood count test results are obtained, you will be informed of
the results and advised to contact your medical provider for follow-up. The CBC will be repeated
every 6 months.
Blood samples collected for this study will only be used for research purposes. There is
no possibility that DNA will be extracted from your blood. Experiments will not test for any
disease and results from your specific blood sample will not be available, so results will not be
shared with you or your insurance company.
Discomforts and risks
Blood Draw. Blood draws often cause mild pain, swelling or bleeding. There may be
some bruising (blood under the surface of the skin), which will be minimized by pressing on the
site after the needle is removed. There is also a slight chance of infection, dizziness or fainting.
These risks will be minimized and most likely eliminated by having trained staff draw the blood
in a clinical setting using clean supplies. If dizziness or fainting occurs, the symptoms will be
taken care of by having you lie flat with your feet raised. If these should occur, we may ask that
you remain at the clinic until we have checked your blood pressure and we are sure that you feel
OK. Having a trained, proficient technician perform the procedure using sterile techniques on a
participant who is lying down will minimize all risks.
Injury Clause
In the unlikely event you become injured as a result of your participation in this study,
medical care is available. It is the policy of this institution to provide neither financial
compensation nor free medical treatment for research-related injury. By signing this document,
you are not waiving any rights that you have against The Pennsylvania State University for injury
resulting from negligence of the University or its investigators.
Confidentiality of records
All data will be kept in coded files and locked in 231 Hallowell. All data will not be
available or divulged to anyone outside of the research team except those who “need to know” for
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scientific purposes involved in carrying out this study. Your blood sample will never be labeled
with your name or an identifying label. All CBC information with the participant’s information, if
any, is kept with the CRC nurses in secure files and no part of the CBC information will be
divulged to investigators or anyone else. The following may review and copy records related to
this research: The Office of Human Research Protections in the U.S. Dept. of Health and Human
Services; The Penn State University Office for Research Protections (ORP) and the Penn State
University Institutional Review Board.
Potential Benefits
By voluntarily participating in this study, you will be contributing to the general body of
knowledge about the how patients acquire vWF disease and how shear rate influences the
breakdown of vWF, thereby providing a public service.
Compensation
No compensation will be received for your time and participation in this study.
Right to Ask Questions
Please contact Keefe Manning at (814) 863-6318 with questions, complaints, or concerns
about this research. You can also call this number if you feel this study has harmed you. If you
have any questions, concerns, problems about your rights as a research participant or would like
to offer input, please contact The Pennsylvania State University’s Office for Research Protections
(ORP) at (814) 865-1775. The ORP cannot answer questions about research procedures.
Questions about research procedures can be answered by the research team.
Voluntary Participation
Your decision to be in this research is voluntary. You may stop at any time. You do not
have to answer any questions you do not want to answer. Refusal to take part in or withdrawing
from this study will involve no penalty or loss of benefits you would receive otherwise.
You must be 18 years of age or older to take part in this research study. If you agree to
take part in this research study and the information outlined above, please sign your name and
indicate the date below.
You will be given a copy of this signed and dated consent form for your records.
Participant Signature:
Date:
Person Obtaining Consent’s Signature:
Date:
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Appendix E
Size Exclusion Gel Chromatography Column

Flow
adaptor

Chromatography
column
Gel
medium

Peristaltic
pump
Eluent
buffer
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Appendix F
Flow Loop Images

Luer Lock syringe

Flexible
plastic
tubing
Stainless steel
capillary tubing

Syringe pump

Luer Lock needle
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