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ABSTRACT

Thousands of ventricular assist devices (VADs) are implanted in patients with advanced
heart failure in the U.S. each year. One complication associated with the use of these devices is
the development of Acquired von Willebrand Syndrome (AVWS), a condition that arises when
von Willebrand Factor (vWF) fails to adequately recruit platelets and arrest bleeding. Elevated
shear stress levels introduced by the VADs are believed to cause the conformational change and
subsequent enzymatic cleavage of the protein. Determining the threshold shear stresses necessary
to induce a conformational change in the vWF protein would allow makers of cardiac prosthesis
devices to avoid introducing such forces, and thus, reduce the incidence of AVWS. In the present
study an optical trap was used to quantify the relationship between shear stress values and the
degree of conformational change observed in the vWF protein. VWF was extracted from human
plasma, purified through column chromatography, identified using a Western Blot and imaging,
and finally attached to polystyrene beads. The polystyrene beads are then fixed in place by the
use of an optical trap. The stiffness of the trap is calculated then software is used to track the
motion of a bead within a flow chamber of DPBS solution by movement of a piezoelectric stage.
Bead displacements and the phase shift between fluid velocity and bead motion were measured
for vWF-coated beads under low, moderate, and high shear conditions. A difference in bead
displacement between the three shear conditions is observed. This is presumably caused by an
increase in the effective radius of the bead due to the characteristic unraveling of the vWF
protein under significant amounts of shear stress.
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Chapter 1
Introduction

Clinical Significance
Roughly 5.1 million people in the United States have heart failure, a condition
characterized by the heart’s inability to sufficiently pump enough blood and nutrients to the
organs and peripheral segments of the body.1 One in every 9 deaths in 2009 included heart
failure as a contributing cause and roughly half of the individuals who develop heart failure die
within 5 years of diagnosis. 1 Ventricular assist devices (VADs) have been implanted in patients
suffering from advanced heart failure for decades. This intervention is often used as a bridge-totransplant or as destination therapy for those unable to receive a donor heart. These devices have
been largely successful and continue to show improving outcomes but bleeding events remain a
major complication of long-term VAD use.2,3,4 This issue is a multifaceted one, but a key
component in precipitating these bleeding events is thought to be the degradation of a large
multimer protein involved in blood coagulation called von Willebrand Factor (vWF).

Von Willebrand Factor
Von Willebrand Factor (vWF) is a blood glycoprotein, present in both human plasma and
blood vessel endothelium, and plays a vital role in maintaining hemostasis within arterial vessels.
This protein is biosynthesized and stored in the Weibel-Palade bodies of endothelial cells in an
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ultralarge form (ULVWF).5 These ultra large form proteins are then secreted into the blood
vessel upon thrombogenic stimuli. Within two hours after the ULVWF enters circulation, it is
converted by ADAMTS13 to smaller multimers ranging in size distributions dependent on the
surrounding flow conditions.6 Each mature subunit is a large polypeptide chain of 2050 amino
acid residues (~250kD) and are linked to neighboring subunits through disulphide bonds.7
VWF’s ability to sense flow changes at sites of hemostatic compromise is very much dependent
on its long length. Consequently, this protein is polymerized by specialized amino and carboxyl
terminal domains. The subunits undergo dimerization of C-terminus to C-terminus through a
cysteine knot and N-terminal linkage through the D3 domain.8 These unique covalent linkages
are essential for the construction of long multimers of such mass. VWF multimers of molecular
weight as high as 20,000kD are present within the bloodstream.
As shown in Figure 1, an individual vWF monomer has a domain organization from N to
C terminus as follows: D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK.9 Notable sites within these
domains include the primary collage binding sites I and III in the A3 domain, an ADAMTS13
binding site in the A2 domain, and the GPIbα binding site (the primary platelet vWF receptor) in
the A1 domain. A particularly important characteristic of vWF is the fact that the larger
multimers circulating within the blood have a higher affinity for platelets. This phenomenon is
due to the larger multimers having a larger number of GPIbα binding sites, which then heightens
their propensity to recruit and immobilize platelets at a given site of injury.
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Figure 1: Schematic representation of vWF domains with binding sites of major binding
partners. Adapted from Meyer et al.26

During normal physiological conditions, vWF can be found in its highly coiled, quiescent
state. This conformation has folding patterns that block both the GPIbα binding sites and the
ADAMTS13 binding sites, preventing the recruitment of platelets and the cleavage of large vWF
multimers. VWF is able to overcome this shielding through two separate mechanisms. The first
is triggered by the attachment of vWF to collagen upon rupture of a vessel wall, where
subsequent exposure to thrombogenic factors leads to unfurling. The second mechanism
regulating vWF’s conformation is fluid shear. High shear rates (blood flows with a wall shear
rate of >1000s-1) promote a conformational change allowing vWF to shift in a way that allows
the binding of platelets at the GPIbα site, and the binding of ADAMTS13 within the A2 domain.
This shear induced vWF-GPIbα binding underlies the phenomena of shear induced platelet
aggregation (SIPA).7 VWF’s simplified role in physiology is summarized in Figure 2.
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Figure 2: Depiction of von Willebrand factor's role within the coagulation cascade, adapted
from Versteeg et al.28 VWF can be seen as “snagging” the platelet from flow to the endothelium
surface.

Acquired von Willebrand Syndrome
The individuals that suffered bleeding events after VAD implantation would most likely
be diagnosed with Acquired von Willebrand Syndrome (AvWS), a relatively rare disease
characterized by improperly functioning vWF and subsequent bleeding. Determining the
threshold shear rates for alteration of von Willebrand Factor’s structure would allow designers of
artificial hearts and VADs to avoid introducing these newly determined rates and thus reduce the
risk of AvWS. As of 2012, there have been less than 700 reported cases of AvWS. However,
among patients already diagnosed with a bleeding disorder, 1 of every 30 may have AvWS.5
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Three types of von Willebrand disease exist: Type 1, Type 2, and Type 3. Types 1 and 3 are
based on a quantitative deficiency of vWF in the bloodstream. Type 2 describes a qualitative
deficiency of the highly active ultra-large vWF multimers and is more pertinent to the discussion
of cardiac prosthetic devices.5

Left Ventricular Assist Devices
VADs are known to introduce new flow regimes within the body, often dramatically
increasing shear rates. These increases may be sufficient in causing the conformational unfurling
of vWF multimers, exposing the A2 binding site for ADAMTS13 cleavage, and leading to the
proliferation of small, relatively inactive proteolytic vWF fragments. The Heart Mate II (HMII)
(Thoratec Crop., Pleasanton, CA) and HeartWare Ventricular Assist Device (HVAD)
(HeartWare Inc., Framingham MA) are the two most commonly implanted LVADs worldwide,
the HM II being implanted in over 10,000 patients and the HVAD in roughly 1,500 patients.10
While each VAD generates the same amount of flow, the HMII axial pump accomplishes this
with a much higher speed of between 8,500-10,000 rpms compared to the HVAD centrifugal
pump speeds of 2,400-3,200 rpms.10
A retrospective study by Meyer et al. examined the vWF profile and incidence of
bleeding and thromboembolic events in 51 patients receiving the HeartMate II and another 51
patients receiving an HVAD. The study aimed to determine whether AvWS differs between
patients with axial and centrifugal flow VADs and analyze the associated vWF profiles of each.
A degree of AvWS was found in all patients, characterized by a decrease in high molecular
weight vWF. A decrease of 30 ± 14% ultra large vWF (ULVWF) was found in HeartMate II

6

patients and a 34 ± 13% decrease of ULVWF was found in HVAD patients. This study also
reported significant predictors of the vWF profile as age, duration of use, C-reactive protein
(CRP), and blood group. While increased age and CRP levels were correlated with an increase in
concentration of high molecular weight vWF multimers, an increased duration of use and a blood
type of O were correlated with a decrease of high molecular weight vWF.10
As Figure 3 shows, the study also concluded that a negative correlation between speed
and high molecular weight vWF exists in centrifugal (HVAD) pumps, while no such relationship
was observed in patients with the axial HM II. Unfortunately, precise tests for the determination
of shear stress in HVAD and HM II devices are not yet present in the literature. However, Zhang
et al. showed shear stress in centrifugal pumps is approximately proportional to speed.11 Thus,
the negative relationship between speed and high molecular weight vWF multimers may be
explained by the ability of shear stress to unfurl the high weight multimers, exposing it to
cleavage by ADAMTS13.
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Figure 3: (Left) Correlation between the HeartWare HVAD pump speed and the percent of
high molecular weight multimers of von Willebrand Factor, adapted from Meyer et al.26 (Right)
Displays the relative size and shape of an implanted Heartmate II (Top) and a HeartWare (HVAD)
(Bottom), adapted from Birks.27

Gastrointestinal bleeding is one major complication associated with the implantation of
VADs and can effect as high as 65% of this patient population within the first year.12 Clinical
studies showed an elevated number of GI bleeds in two specific patient populations, those with
aortic valve stenosis and those with implanted axial flow VADs.4 In contrast, centrifugal pumps
and total artificial hearts have lower shear rates and fewer reports of GI bleeding events.
However, the HVAD device was the one exception among centrifugal pumps to regularly
introduce GI bleeding.12 Vincentelli et al. found that Type II von Willebrand syndrome is
significantly correlated to severe aortic stenosis. Further, they concluded that von Willebrand
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Factor abnormalities are directly related to the severity of the aortic stenosis and were reversed to
a degree by valve replacement therapies.13 AvWS has even been reported in pediatric cases, one
specific case was an infant who suffered significant bleeding following the implantation of a
Berlin Heart EXCOR Pediatric VAD.14
Another factor related to GI bleeding and thromboembolic events is the pulsatility, or
lack thereof, of a certain device. Continuous, non-pulsatile flow of blood differs from normal
physiology, and is associated with significant pathophysiological implications. Kushnir et al.
reported that GI bleeding was far more prevalent in patients supported by continuous flow
LVADs, rather than pulsatile ones.2 The literature reports an inverse relationship between the
pulsatility index and the risk of GI bleeding, where patients with higher pulsatility are at a lower
risk of bleeding.3 The pulsatility index can be defined as a measure of the variability of blood
velocity in a vessel, equal to the difference between the peak systolic and minimum diastolic
velocities divided by the mean velocity during the cardiac cycle.15 An important clinical finding,
however, is the immediate recovery of AvWS after explantation of LVADs. Davis et al., using
densitometric analysis of multimer patterns, found that patients experience a complete recovery
of high molecular weight multimers within the first few hours following a continuous flow
LVAD explantation and heart transplantation.16 The mechanisms of AvWS and its reversal are
still largely unknown and continued studies are necessary to accurately assess bleeding risk after
the implantation of the varied LVAD models.
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Shear Stress Theory
Viscosity is the property of internal resistance of a fluid to motion or its “fluidity.” The
force a flowing fluid exerts on an object in the flow direction is called drag force.17 The
magnitude of this force is in part dependent on the viscosity of the fluid. A relation between drag
force and viscosity can be found by dissecting the behavior of fluid in laminar flow between
parallel plates with a constant velocity. If a constant parallel force is acting on the top plate while
a bottom plate is fixed in place, the fluid in contact with the upper plate (which moves at a
constant speed V) sticks to the plate and moves at the same speed (due to the no-slip condition
assumption). A shear stress τ acts on the upper fluid layer, defined in Equation 1 as:
𝐹

τ = 𝐴…………………Equation 1
where A is the contact area between the fluid and the plate and F is the parallel force acting on
the plate.17 The fluid in contact with the bottom plate has a velocity of zero, equal to the
stationary plate. In laminar flow, the fluid velocity between the plates varies linearly between
zero and V, and thus the velocity profile, shown by Equation 2, is:
𝑦

𝑑𝑢

𝑢(𝑦) = 𝑙 𝑉 𝑎𝑛𝑑

𝑑𝑦

𝑉

= 𝑙 ………………….Equation 2

where l is the length between the plates, and y is the vertical distance from the lower plate.17
During a time interval dt, fluid particles rotate through a differential angle dβ and the upper plate
moves a distance of da=Vdt. The deformation (or shear strain) can then be expressed by
Equation 3 as:
dβ ≈ tan dβ =

𝑑𝑎
𝑙

=

𝑉𝑑𝑡
𝑙

𝑑𝑢

= 𝑑𝑦 𝑑𝑡……………Equation 3

After rearrangement, the rate of deformation under the influence of shear stress τ, seen in
Equation 4, is:

dβ
𝑑𝑡
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𝑑𝑢

= 𝑑𝑦………………………………..Equation 4

This relationship allows for the conclusion that the rate of deformation of a fluid layer is
equivalent to the velocity gradient du/dy. The relationship can be further verified through
experimentation that most fluids’ rate of deformation is directly proportional to shear stress τ.
Newtonian fluids are characterized as fluids whose rate of deformation is linearly proportional to
shear stress. Examples of these fluids include water, air, gasoline, and oils. In Newtonian fluids,
shear stress (N/m2) can be expressed by the linear relationship described by Equation 5:
𝑑𝑢

𝜏 = 𝜇 𝑑𝑦 …………………Equation 5
where the proportionality constant μ is referred to as the coefficient of viscosity or dynamic
viscosity. A plot with axes of shear stress versus rate of deformation is a straight line with the
slope equal to the dynamic viscosity of the fluid.17
The shear force acting on a Newtonian fluid layer is simply the shear stress multiplied by
the contact area, defined in Equation 6:
𝐹 =τA……………..Equation 6
where A is the contact area between an object (upper plate) and the fluid.
For non-Newtonian fluids, such as blood, the relationship between shear stress and rate of
deformation is non-linear. The slope of the curve on the τ versus du/dy plot is referred to as the
apparent viscosity of the fluid. Fluids can than be further classified by their apparent viscosity’s
tendency to increase, decrease, or behave in some other fashion when the rate of deformation is
increased.17
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Von Willebrand Factor Cleavage
As previously stated, larger multimers are more active in recruiting and immobilizing
platelets, leading to a higher degree of thrombus formation. However, when large ultra-active
polypeptides of vWF are exposed to high shear rates, the highly coiled structure will unfurl,
exposing the ADAMTS13 binding site in the A2 domain, which results in the cleavage of the
large polypeptide to several smaller multimers. These multimers have a lower capacity to recruit
platelets and thus are less able to maintain hemostasis in the event of a vascular injury. Tsai et al.
cites shear values greater than 2000s-1 with exposure times of less than 12 seconds as being
required to lead to this unfurling conformational change.18 Figure 4 shows images of single
molecular fluorescence microscopy of a vWF protein unfurling in vitro after exposure to shear.

Figure 4: vWF shown in its highly coiled conformation under low shear and in its unfurled
conformation under high shear stress. Images were taken using wide-field single molecule
fluorescence microscopy, adapted from Vergauwe.7
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Baldauf et al. identified the unconventional “knotted” Rossmann fold of A2 to be the key
in the mechanical response tailored for regulating vWF size and activity. This unique fold
enables a force-sensing function of vWF A2 by allowing shear flow to selectively expose the A2
proteolysis site to ADAMTS13 for cleavage while keeping the remainder of the A2 domain
intact and functional.9 Another study claims the A2 domain’s unique lack of protection by
disulfide bonds and low resistance to unfolding is evidence that it has evolved to be the shear
bolt domain of vWF.6 A shear bolt is a structure designed to break above a designated force
threshold to protect other components of the machine. Similarly, the A2 domain unfolds under
high tensile force and is cleaved by ADAMTS13, leading to a down regulation of hemostatic
activity. This same study definitively established that unfolding of the A2 domain was a
necessity for the subsequent proteolytic cleavage by ADAMTS13 using laser tweezers to
examine a single A2 domain at a time. The lifetime of the unfolded state only lasts an average of
1.9s in absence of a tensile force, providing only a limited window for cleavage. However, in
shear flow, shear stresses act as the physiological substrate of the unfolding reaction, prolonging
the duration of the unfolded state.

ADAMTS13 Enzyme
ADAMTS13 itself is characterized as a zinc-containing metalloproteinase, specialized to
cleave the peptide bond between the amino acid residues tyrosine 1605 and methionine 1606
within the A2 domain. Deficiency of ADAMTS13 can lead to a decline in the degradation of
large, highly active vWF and ultimately cause thrombi thrombocytopenic purpura (TPP).19 This
disorder is caused by the hyperactive ULVWF inducing large amounts of microvascular thrombi
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made of platelet aggregates. On the contrary, if an individual has an excess of ADAMTS13, this
protease will be over active in generating smaller vWF multimers and proteolytic fragments.
This will predispose the individual to suffer serious bleeding events and is known as von
Willebrand disease. Figure 5 shows a cartoon depiction of normal ADAMTS13 functioning and
the result of a deficiency in the vital proteolytic enzyme.

Figure 5: ADAMTS13 in normal (a) and thrombotic thrombocytopenia purpura plasma (b).
In (a), ADAMTS13 is able to cleave the unusually large von Willebrand Factor Protein that is
secreted. In contrast, (b) shows the result of a deficiency of ADAMTS13, where ULvWF goes
uncleaved, and results in the development of platelet thrombi.29
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Objectives and Hypothesis
This study specifically aims to establish a quantitative relationship between controlled
shear rates and the degree of conformational change observed in vWF using an optical trap.
Optical trap experiments have been shown to be an effective way to induce a conformational
change, exposing the A2 domain by applying a known amount of shear force.8 Optical traps also
allow for the study of vWF on an appropriate scale when applying and measuring force. The
degree of conformational change of vWF modeled in the optical trap studies is assumed to be
directly correlated with the eventual degradation of ULVWF multimers in vivo. Thus, this
experiment can be used as an informational tool during cardiac prosthetic device development,
providing threshold shear rates that may put patients at risk of losing their high molecular weight
vWF and suffering non-surgical bleeding complications. The hypothesis is that a positive
correlation between shear rate and conformational changes in vWF will exist, where increasing
shear rates within the microflow chamber will lead to an increased unfurling of vWF protein on
the surface of polystyrene beads.
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Chapter 2
Optical Trap Theory

Bead Trapping
An optical trap, or “optical tweezers” uses a focused beam of light to exert a force on
matter. This phenomenon is often referred to as radiation pressure. This force is used to levitate
an object, in this case a polystyrene bead, within the focal point of the light or laser beam. When
optical trapping objects whose diameter is significantly larger than the wavelength of the light
used, such as a polystyrene bead, the interaction can be described using ray optics. The presence
of the object in the beam path leads to a certain degree of reflection, refraction, and scattering.
Trapping can be understood using conservation of linear momentum, where successful trapping
requires the balancing of the forces arising from reflection and refraction.
When a photon meets a refracting object (bead), its momentum changes direction by
some value dependent on the object’s refractive index. Due to the conservation of linear
momentum, the rate of change in the momentum of the light is equal and opposite to the rate of
change in the momentum (a force) of the object.
The left side (A) of Figure 6 shows a sample scenario where a bead is off centered within
a trap. In this case, the right side of the bead is subjected to many more photons because the light
intensity is much greater than that of the left side. After each beam of light is refracted, the light
gray arrows show the net forces the bead experiences. The bead will first be attracted to the
center of the beam, but ultimately pushed down in the direction of light propagation and out of
the trap. The right side (B) of Figure 6 shows a bead that is properly centered within a Gaussian
laser beam profile. The refracted light and corresponding momentum changes produce the net
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forces depicted by the gray arrows. These forces cancel in the horizontal directions but have a
slight upward component. The slight downward scattering force component balances the small
upward force. This downward force is the bead’s reaction to reflected photons, being pushed by
their relative momentum in the direction of light propagation.

Figure 6: Depiction of bead in trap, where it is fixed in place by the balance of forces pulling
up toward the focus of the beam and the forces in the opposite direction, where the bead is pushed
downward by the scattering effect. Adapted from Neuman and Block.30

Spring Constant Calculation
The optical trap is a useful technique for this experiment because it allows for a relatively
direct comparison of effective radii with varying shear stress conditions. The theory behind this
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technique is based on the assumption that the trap functions as a spring, modeled by Hooke’s
Law in Equation 7:
𝐹 = 𝑘𝑥…………Equation 7
where F is the force of the trap keeping the bead in place, k is the stiffness of the trap, and x is
the displacement of the bead. The displacement method is used to determine trap stiffness (k).
This method operates on relatively simple physics principles; where the force exerted by the trap
on the bead (keeping the bead in the center of the trap), is equal to a drag force exerted by fluid
flow on the bead. Thus, the trapping force equation can be set equal to the drag force equation,
described by Stoke’s Law in Equation 8:
𝐹 = βv……………....Equation 8
where β=6πηr (drag coefficient), v is the fluid velocity, and η is the dynamic viscosity of water,
and r is the bead radius. Thus, as previously stated, the trap strength or stiffness is a function of
the laser power. A stronger laser will be able to oppose exceedingly stronger drag forces that the
bead experiences. Figure 7 shows a simplified depiction of a laser beam trapping a bead, and
how this apparatus is modeled as a spring.
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Figure 7: Cartoon depiction of trap with bead, where the optical trap is modeled as a
spring.

Due to movement of the piezoelectric stage, fluid within the microflow chamber flows
past the bead and exerts a drag force. The bead is resultantly displaced from the center of the
trap, some relatively small distance x. Recording this distance and setting the equations of
Hooke’s Law and Stoke’s Law equal to each other, one is able to solve for k, the trap stiffness
shown in Equation 9:
𝒌=

vβ
𝑥

or

𝒌=

𝒗∗𝟔πηr
𝒙

……………….Equation 9

Effective Radius Calculation
After the stiffness of the trap is calculated, experiments can be run measuring the
displacement of the bead. At this point, k is a known variable while the new radius of the bead
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with some amount of vWF adhered to the surface, which we will call the “effective radius”, is
the new unknown variable and is solved for using Equation 10:

𝑟=

𝑘𝑥
𝑣∗6πη

………………….Equation 10

This relationship shows how a larger bead displacement, is the result of a larger drag
force, and ultimately due to a larger effective radius. Thus, the degree of conformational change
within the vWF protein can be inferred from the relative change in the effective radius
measurement. This proposed change in effective radius is illustrated in Figure 8.

Figure 8: Proposed vWF unfurling and effective radius change before (left) and after (right)
exposure to shear.22
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Chapter 3
Methods

Optical Trap Setup
The first step when working with the optical trap is to calibrate and determine the trap
stiffness and strength. In an optical trap, a bead is “fixed” in place by the laser with certain
strength and can be displaced slightly off the laser center by exerting a force on the bead. In this
experimental setup, the external force will be provided by the flow of solution passed the bead.
No slip conditions are assumed, where the water surrounding the bead moves entirely in phase
with the microflow chamber motion, and backflow or turbulence is not present. The degree of
bead displacement caused by a specific magnitude of drag force governs the trap’s stiffness and
is a function of the laser’s power.20 The small, lateral movement of the bead in the direction of
the fluid decreases the shear stress experienced by the bead’s surface by some unknown amount.
It is then necessary to calculate the trap stiffness in order to accurately determine the amount of
shear stress imposed on the bead. The displacement method21 was used to calculate the trap
stiffness in this experiment.
The laser was modeled as a spring according to Hooke’s Law, with the trap stiffness
being an unknown spring constant shown by Equation 11:
𝐹𝑙 = 𝑘𝑙 𝑥…..Equation 11
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Where Fl is the force the laser exerts on the bead in order to keep it “fixed” in place, kl is
the spring constant of the optical trap, and x is the amount of bead displacement observed when
fluid shear stress is applied to the bead. The optical trap apparatus is shown below in Figure 9.

Figure 9: The IX71 inverted microscope and optical trap apparatus, including CCD
camera, QPD, and laser setup.

The trapping of a bead is carried out using an IX71 Olympus epifluorescence microscope
with computer-controlled piezo-z-form, a Mad City Labs piezo tilt actuator, and a 635nm
picosecond pulsed laser.20 Figure 10 shows the laser 6310 ComboSource Diode controller set at

22

1000mA. The microscope is “inverted” with the 60x high numerical aperture, oil immersion
objective found under the stage. A Cooke, Sensicam high speed, low light CCD camera is used
to visualize the beads motion within the microflow chamber.20 This CCD camera was
experimentally determined to have a resolution of 117.33nm/pixel.22

Figure 10: Arroyo instruments 6310 ComboSource Laser Diode controller with 1Amp
operating range and 60 Watt TEC temperature controller.

Von Willebrand Bead Solution Preparation
The von Willebrand Factor used for this experiment was isolated from human plasma
using a protocol adapted from Tsai et al.23 by Shannon Burke.24 This extraction was completed
through column chromatography using a Bio-Rad column at a flow rate of 1.15mL/min for 1
hour and 15 minutes. This process yielded 19 total fractions and each fraction was confirmed for
the presence of vWF using a Western blot by gel electrophoresis by Shannon Burke24 and
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Monica Corsetti.22 VWF from fraction 11 was used for the bead solution in this experiment
because it contained the highest concentration of the glycoprotein.
A procedure adapted form Arya et al.25 was used to coat the polystyrene beads with the
vWF. Polystyrene beads were chosen because of its unique surface properties and its propensity
to bond well with proteins. The solution is a DPBS based solution, containing 0.5 mL glycerol,
10mg sodium azide (Sigma-Aldrich), and 100mg of bovine serum albumin (Sigma-Aldrich) for a
total volume of 10mL. Next, 0.75mL of the vWF column chromatography fraction 11 is added to
the solution. Ideally, the fraction should be greater than or equal to a 100μg/mL concentration of
the protein. One full drop of 2μm-diameter Polybead® Microspheres (Polysciences, Inc) from
the cap container is added to the solution. The mixture is then gently vortexed for 30 minutes.
The solution is then separated into two air centrifuge tubes of 300μL each. The mixtures are
loaded into an air centrifuge and spun at 30psi for two minutes. The tubes are then removed and
the supernatant is extracted and discarded. This unwanted volume is thought to contain excess
vWF molecules that did not properly adhere to the microbeads.
The pellet (containing the beads) is then suspended in 700μL of the
DPBS/BSA/NaN3/glycerol solution, vortexed, and pipetted into two separate 350μL air
centrifuge tubes. The centrifugation step is repeated and the supernatant is discarded again, and
400μL of DPBS/BSA/NaN3/glycerol solution is added to each centrifuge tube and mixed. The
solutions of the two containers are combined into a new cap container, which is incubated on an
aliquot mixer for 30 minutes at room temperature. Then, 390μL of the
DPBS/BSA/NaN3/glycerol bead solution is loaded into the air centrifuge for a final time at 30 psi
for two minutes and 15 seconds. The supernatant is decanted off and discarded, and 350μL
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DPBS/BSA/NaN3/glycerol solution is added to each centrifuge tube. Finally, the two tubes are
combined in one cap container, vortexed, and stored in a refrigerator.

Flow Chamber Preparation
A flow chamber is constructed to contain bead solutions for trapping. This flow chamber
is prepared according to an established lab procedure from the Mechanobiology Laboratory in
the Biomedical Engineering Department at Penn State. First, a Thermoscientifc glass slide is
immobilized on a hard surface with two pieces of double sided tape as shown in Figure 11.

Figure 11: Microflow chamber sealed on all four sides ready to be loaded on the
piezoelectric stage.

A glass coverslip is placed on top of the double-sided tape, forming a square chamber
with two open ends. The excess tape is then cut off around the coverslip using a razor blade.
Using a micropipettor, 50 microliters of 10%BSA solution is inserted into the slide chamber and
allowed to sit for 3 to 5 minutes. This bovine serum albumin helps prevent the beads from
adhering directly to the glass surface of the slide, which would interfere with the user’s ability to
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trap a bead. The chamber is then washed with deionized water three times and is ready to be
loaded with the bead solution. Fifty microliters of vWF-coated bead solution is pipetted in the
chamber, using a kimwipe to draw the solution evenly through the opposite side of the slide.
When the bead solution fills the chamber (surface area under the coverslip), the chamber is
sealed on all four sides with clear nail polish. The microflow chamber is quickly inverted until
experimentation begins to further prevent coated bead adherence to the surface of the slide.

Quadrant Photo Diode Setup
After the bead solution and microflow chamber are prepared and fastened to the stage, a
bead can be successfully trapped. The alignment and calibration of the Quadrant Photo Diode
(QPD) system is essential to ensuring that the subsequent data measurements are accurate.
After the laser light passes through the trapped bead, it is recolumnated by the condenser
lens, and in turn used for position detection. If a bead is not centered within trap, the direction of
light propagation changes and this change is detected by the QPD.
Using a LabView program, the relative strength of the QPD is tested by maximizing the
QPD sum (which totals the intensity signal being illuminated onto the QPD). Simultaneously, the
x and y positions are zeroed by adjusting mirrors on the QPD, centering the light intensity. If the
beam is properly centered (equally shining on all four quadrants of the detector) the output
voltage of x and y is equal to zero. For these experiments, the QPD sum was ideally greater than
9 V and the x and y values oscillate around zero. This calibration ensures the trap strength is
maximized and the laser/light intensity is not scattered. The LabView interface of this program is
shown in Figure 12.
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Figure 12: QPD LabView user interface, showing x and y (red and white lines) being zeroed
with the QPD sum (green line) maximized.

Stage Velocity and Shear Rate Generation
After the completion of trap stiffness calculations and QPD calibration, the beads are
ready to be sheared. Shear is generated and delivered using a sinusoidal waveform of stage
motion with a known amplitude and frequency. These input values (amplitude and frequency)
can change depending on the desired shear stress and shear rates. This experiment used varying
amplitudes with a constant frequency of 5 Hz. The stage motion creates fluid velocity rushing
past the bead (assumed stationary) and generates various peak shear rates proportional to the
input amplitude.
Specific stage/fluid velocities can be calculated by simply dividing the distance the fluid
and stage travel by the time it takes the fluid to travel that distance. In order to calculate a
maximum stage velocity, it is first necessary to calculate the stage displacement. For a given
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amplitude and frequency of sinusoidal stage motion, Equation 12 represents the stage
displacement:
𝜇𝑚

𝑦(𝑡) = (𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 ∗ 10 𝑉𝑜𝑙𝑡) sin(2𝜋(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)𝑥)………...Equation 12
where, y(t) represents overall stage position after some value of time “t”. The amplitude is
𝜇𝑚

multiplied by a conversion factor of 10 𝑉𝑜𝑙𝑡 to translate the input stage voltage to a corresponding
distance the stage travels. Taking the derivative of this displacement equation yields a stage
velocity described by Equation 13:
𝜇𝑚

𝑣(𝑡) = 2𝜋(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)(𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 ∗ (10 𝑉𝑜𝑙𝑡) cos(2𝜋(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)𝑥)…..Equation 13
Since the maximum value of cosine will always be equal to 1, the maximum velocity (μm/s) can
be obtained by simplifying Equation 13 to the following in Equation 14:
𝜇𝑚

𝑣𝑚𝑎𝑥 = 2𝜋 (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)(𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 ∗ 10 𝑉𝑜𝑙𝑡)…………..Equation 14
These calculated max velocities were used as inlet velocities to obtain corresponding
shear rates in simulations using COMSOL multiphysics version 4.3a (Burlington, MA).22 After
completing laminar flow COMSOL simulations, shear rate was estimated by fitting a linear
regression between calculated inlet velocities and computational shear data shown in Figure 13.

Figure 13: COMSOL derived shear rate vs. inlet velocity plot. Adapted from Corsetti22.
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This regression yields the straight-line equation shown in Equation 15:
𝑦 = 2 × 106 ∗ (𝑥) − 3.2516……….Equation 15
where y is the estimated shear rate (in s-1), x is the inlet velocity (equal to the sinusoidal stage
velocity), 2 × 106 is the slope, and 3.2516 is the y-intercept. Thus, when the stage velocity is
calculated it can be inserted in the above equation as x, and the corresponding shear rate can be
determined.
Table 1 displays input amplitudes, stage velocities, and the corresponding shear rates
pertinent to this experiment. Frequency was held constant at 5 Hz for each experiment.

Table 1: Input Amplitude (V) values with the corresponding stage velocities and shear rates.

Amplitude (V)

0.25V

0.5V

1V

2V

Stage Velocity

80.13

157.08

314.16

628.31

157

310.91

625.06

1,253.37

(μm/s)
Shear Rate (s-1)

Data Collection & Experimental Conditions
Data was collected simultaneously with the same sinusoidal stage motion LabView
program that was used to induce shear. Each trapped bead was brought to a height of 15μm
above the glass. The sinusoidal stage motion creates a relatively small drag force on the bead,
displacing the bead slightly from the center of the trap. The bead position is then tracked by the
quadrant photo diode readout along with digital images recorded by the CCD camera and shown
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in Figure 14. The LabView user interface of this program, shown in Figure 13, then outputs
values of phase shift (degrees) between bead motion and stage velocity, and the maximum
displacement of the bead (μm).

Figure 14: Camware program showing a CCD images used to visualize the trapped
polystyrene bead indicated by the arrow.

To summarize the program, the stage oscillates for 20 sinusoidal cycles. The motion of
the bead during these oscillations is recorded, and the program averages these 20 cycles for one
average amplitude and phase measurement. The program was written to then take 10 such trials
for each bead. Each value is output after 20 seconds, thus one bead is sheared for 200 total
seconds. After the one bead is measured, the program prompts the user to trap another bead and
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repeat the process. After the user has collected the desired number of bead trials, the “stop”
button can be pressed to end the program and output a spreadsheet of phase and amplitude values
for every trapped bead.
This experiment included six discrete bead conditions: non-coated and vWF-coated beads
at low shear (310.91 s-1), moderate shear (625.06 s-1), and high shear (1253.37 s-1). Non-vWF
coated beads function as a negative control because the radius is known and unchanging, and
should correspond to an effective radius calculation of 1μm. The comparison of the vWF
coated/low shear bead group to the vWF coated/high shear bead group is the main outcome to
evaluate for supporting or refuting the hypothesis proposed.

Figure 15: LabView user interface of sinusoidal waveform program, used for both shear generation
and data collection. The red line shows the stage amplitude. The white line shows the phase of the
sinusoidal motion of the bead.
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Chapter 4
Results
Data were collected for the six bead conditions: non-coated low shear condition (310.91
s-1), non-coated moderate shear condition (625.06 s-1), non-coated high shear condition (1253.37
s-1), vWF-coated low shear condition (310.91 s-1), vWF-coated moderate shear (625.06 s-1), and
vWF-coated high shear condition (1253.37 s-1). There were a total of 10 beads per group tested
(n=10), with 10 measurements per bead. The last five measurements of each bead were used in
data analysis. Figure 16 shows averaged displacement values from the center of the optical trap.

Figure 16: Displacement (amplitude) values of the bead from the center of the trap. Error bars
were generated with standard error of the mean.

The non-coated beads are shown as blue bars and the vWF-coated beads are shown as red
bars. Error bars were created with standard error of the mean, using values between each bead
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sample's last five amplitude averages, for a total of fifteen values in each shear condition. The
non-coated beads were observed to have a smaller displacement from the center of the trap, as
anticipated, with 0.085 μm, 0.163 μm, and 0.294 μm for shears of 310.91 s-1, 625.06 s-1, and
1253.37 s-1, respectively. The vWF-coated beads had a larger displacement in all three shear
conditions, moving 0.095 μm, 0.193 μm, and 0.521 μm, respectively.
The vWF-coated beads are presumed to have a larger displacement due not only to the
presence of vWF on the bead’s surface, but also due to the unfurling of vWF after the shearing
process. Again, the displacement of the bead is assumed to increase as the effective radius of the
bead increases. This is because a larger radius will produce a larger drag force to combat the
force of the laser holding the bead in place. The key interest in the data lies between the vWFcoated bead groups at different shear conditions, where it is thought that an increase in
displacement is due to the conformational change of vWF. As expected, the high shear bead
condition experienced the most displacement after undergoing 200 seconds of shear at 1,253 s-1.
As described in the previous section by Equations 9 and 10, the displacement data were
used to compute an effective radius measurement, setting Hooke’s Law and Stoke’s Law equal
to each other:
𝑘=

𝑣∗6𝜋𝜂𝑟
𝑥

…..Equation 9

𝑘𝑥

𝑟 = 𝑣∗6𝜋𝜂…..Equation 10

Once the spring constant is solved, the effective radius (r) can be calculated. Figure 17
shows the calculated effective radius measurements for non-coated and vWF-coated beads at 314
s-1, 625 s-1, and 1253.37 s-1 shear conditions.

33

Figure 17: Effective radius values for non-coated and vWF-coated bead groups at shears of
314 s 625 s-1, and 1253.37 s-1. Error bars were generated with standard error of the mean.
-1

The last five displacement averages were used to calculate radius values.

Figure 17 illustrates that all three non-coated shear conditions have a radius larger than
two microns. Two micron polystyrene beads (r =1 μm) were used in this study, suggesting that
the effective radius calculations above are skewed higher than expected, overestimating the
measured bead’s radius through its observed motion within the optical trap. This discrepancy
between non-coated beads of different shear may be due to the larger drag force experienced by
beads in higher shear conditions. Due to the increase of stage velocity in higher shear conditions,
the fluid velocity will be higher, pushing the bead farther distances from the center of the trap
and resulting in higher effective radius measurements, even though the bead’s radius is not
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physically increasing. Ideally, each non-coated bead group should remain relatively consistent
around 1 μm as the study’s negative control. The mechanism for why these effective radii results
are closer to 3 microns rather than 1 micron is still largely unknown. The increased effective
radius between vWF-coated groups of 314 s-1, 625 s-1, and 1253.37 s-1 shear conditions however,
is presumed to be the result of the fluid shear inducing a conformational change within the
attached von Willebrand protein. This increase, unlike the non-coated bead groups, is likely the
result of a physical expansion of the effective radius. Thus, the results seem to have a general
trend that is consistent with the hypothesis of this study. Figure 18 shows effective radius
measurements plotted vs. shear rate.

Figure 18: Marked scatterplot with effective radius measurements graphed vs. shear rate.
Standard error of the mean bars were generated for each shear condition. The last five values were
used for each radius calculation.
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Figure 19 shows the differences between non-coated and vWF-coated beads’ effective
radii for each shear condition. A difference of 0.232 μm was observed at the shear of 314 s-1,
0.424 μm difference was observed at moderate shear of 625 s-1, and a 1.12 μm difference was
observed at the high shear of 1253 s-1. The difference is shown to increase as the shear rate
increases.

Figure 19: Differences between non-coated and vWF-coated effective radius measurements:
0.232 μm for 314s-1 shear condition, 0.424 μm for 625s-1 shear condition, and 1.12 μm for shear

condition.
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Table 2 summarizes the effective radius values for both non-coated and vWF coated
beads at the various shear conditions. “Trial 1, 2 and 3” simply refer to effective radius
measurements on the three separate occasions experiments were completed. This table provides a
numerical reference of how effective radius measurements changed with varying shear
conditions and optical trap calibrations.

Table 2: Summary of effective radius measurements for all tested shear conditions.

Shear Rate

314 s-1

625 s-1

1250 s-1

Trial 1 Non-Coated

1.11

1.45

-----

Trail 1 vWF-Coated

1.74

1.99

-----

Trial 2 Non-Coated

2.91

3.11

2.94

Trial 2 vWF-Coated

3.74

3.84

4.16

Trial 3 Non-Coated

2.46

2.33

2.04

Trial 3 vWF-Coated

1.81

0.968

3.07
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Another interesting result of this experiment can seen by evaluating the effective radius
of a given bead over the 200 seconds it is sheared. Figure 20 shows effective radius
measurements over time for the 314 s-1 shear condition, each x interval representing 20 seconds.
Each color-coated line represents an individual bead over the entirety of the shear process. Ten
individual beads were randomly selected from the sample of thirty vWF-coated low shear beads.

Figure 20: Effective radius calculations over time for vWF-coated beads sheared at 314 s-1.
Each line corresponds to an individual bead’s effective radius over the entire duration of data
collection.
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This figure displays a range of effective radii from roughly 1 micron to approximately 4.5
microns. Each bead’s radii remains relatively stable over the 200 seconds of shear, with a small
number of exceptions where bead’s radii increased.
Figure 21 shows the same calculation for vWF beads sheared at 625 s-1, rather than
314 s-1. This figure shows a slightly smaller range of effective radii values (1.4-4 microns). All
ten vWF beads shown below have little to no expansion of effective radius across the 200
seconds of shear exposure.

Figure 21: Effective radius calculations over time for vWF-coated beads sheared at 625 s-1.
Each line corresponds to an individual bead’s effective radius over the entire duration of data
collection.
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Figure 22 shows the same calculations for beads sheared at 1253 s-1. Each interval along
the x-axis represents 20 seconds and the y-axis is the effective radius values in microns. This
figure shows a noticeably smaller range of effective radius values (approximately 2.9-4.25
microns). Little to no change in effective radius was observed in any of the ten vWF-coated
beads shown below.

Figure 22: Effective radius calculations over time for vWF-coated beads sheared at 1235 s-1. Each
line corresponds to an individual bead’s effective radius over the entire duration of data collection
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Lastly, this experiment investigated the effects of shear on the phase between bead
motion and stage velocity in degrees. These results, seen in Figure 23, were inconclusive,
showing no distinction between the shear conditions in terms of phase change.

Figure 23: Phase values for non-coated and vWF-coated bead groups at shears of 314 s-1 625 s-1, and

1253.37 s-1. Error bars were generated with standard error of the mean. The last five phase
averages of each bead were used.
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Chapter 5
Discussion
The data obtained in this study show that the conformational effects of fluid shear stress
on vWF protein can, in fact, be successfully detected using optical trap studies. The displacement
measurements obtained in Figure 16 are the major findings of this study and there are two
noteworthy outcomes within this data. First, the difference between displacement values of the
non-coated and vWF coated bead conditions for each shear suggest that a certain amount of vWF
protein was successfully adhered to the bead. The vWF coated group, having a greater
displacement, supports the conclusion that the radius is larger, leading to a greater drag force,
and ultimately a greater bead displacement from the center of the trap. vWF-coated bead
displacement was larger than their non-coated counterparts in all studies, which again validates
the methods used to adhere vWF protein to the surface of the 2 micron polystyrene beads.
The second key finding from the displacement results in Figure 16 is the distinction
between shear conditions, with increased shear leading to increased bead displacement. This
finding also supports the hypothesis of the study, where high shear rates were predicted to
increase the unfurling of adhered vWF and increase the displacement of the bead.
These displacement results were then used to calculate effective radius measurements for
all groups by the manipulation of Equations 9 and 10. Effective radius results were displayed in
Figure 18, showing a larger radius for each vWF coated group and an increase in radius of vWF
beads with increasing shear rates. As described in previous sections, the effective radius is the
measurement of the “new radius” after vWF is adhered to the 2 micron polystyrene bead and has
unfurled some given amount. These measurements give a qualitative value to the degree of
conformational change observed in the adhered vWF proteins. Further computational modeling
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conducted by Michael Tramantozzi will delve into the porosity and permeability of the outer
vWF coating, leading to a more detailed and accurate understanding of this layer. The effective
radius results obtained reiterate the displacement implications, where vWF is successfully
adhered and the higher shear group leads to increased radius size.
However, it is observed throughout the experiment that the non-coated bead effective
radius values are relatively far away from the “ideal” one micron. One potential explanation for
this discrepancy may be that the LabView software currently used requires adjustments after
obtaining a new laser that has a significantly higher power and associated trap stiffness than
earlier versions used. Another possible explanation is that as the shear rates and fluid velocity
increase across shear conditions, the drag force imposed on the bead also increases. This
increased drag force is then capable of pushing the bead greater distances from the center of the
trap, contrary to the conceptual assumption that the bead remains perfectly “fixed” in place.
Figure 16 shows data that aligns with this idea, where the non-coated beads having successively
larger displacements as the shear is increased. If this is in fact the case, the central outcome may
be viewed as the difference between the non-coated and vWF-coated radii at a given shear rate,
because their relative stage velocity will proportionally skew effective radius measurements at
the given shear rate. In other words, if the calculated values of effective radii measurements are
incorrectly large, the differences between these values remains a valid indicator of unfurling.
Figure 19 shows the differences of effective radii between non-coated and vWF-coated beads,
which increased, as expected, from 0.232 μm at 314 s-1shear, to 0.424 μm at 625 s-1 shear, and
1.12 at 1253s-1 shear. These data show that the potential unfurling of vWF protein slightly
increases at the first two shear rates, but then substantially increases at the highest shear of 1,253
s-1. This is an important outcome, which aligns with the current understanding of vWF and its
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unfurling mechanism, where high shear is required for vWF unfurling and low shear will have
relatively little effective on its conformation. The specific shear of 1,253 s-1 leading to a greater
degree of conformational change is also supported by literature values. Tsai et al.18 cited shear of
approximately 2000 s-1 as the required amount of shear, in vivo, to lead to conformational change
in vWF. These shear rates are in flowing blood, however, where the vWF is tumbling and subject
to constantly changing shear. This considered, it is expected that lower shear rates would be
capable of inducing a conformational change with vWF being anchored to a surface, as it is in
this study. Because the vWF is anchored to the bead, the protein experiences a greater tension
than would a tumbling protein in blood flow, and thus 1,253 s-1 of shear seems to be a plausible
shear rate to observe conformational changes of vWF.
Another interesting outcome of the study was the observation of vWF conformational
change over time. This analysis is shown in Figures 20, 21, and 22 where the effective radius vs.
time is plotted. These figures show that the vast majority of individual beads do not experience a
substantial increase in effective radius throughout the 200 seconds of shear exposure. Some
small trends of increasing effective radius may be seen when all beads are averaged together but
effective radius vs. time data remain largely inconclusive. One trend that was observed within
this data is that the variance or range of effective radius measurements had a negative
relationship with shear rate. That is, as shear rate increased, the range of effective radii observed
decreased. This could be a result of a more defined sinusoidal bead motion at high shears, where
a bead experiences a larger displacement from the center of the trap. Beads at low shear may
only be displaced within the range of noise, leading to a greater variance in the recorded data.
Lastly, the study’s findings on phase measurements between bead motion and stage
velocity were also inconclusive. No consistent trends were seen in the data and the standard error
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of the mean values were quite large, shown within the error bars of Figure 23. A large variation
of phase values was noted during data collection, many jumping from large positive values to
negative values between the 10-second time intervals.
In conclusion, the study successfully detected conformational changes of vWF protein
exposed to fluid shear using an optical trap. The results of this showed that varying shear rates
have substantial effects on the effective radius values of vWF coated beads. These results can
ultimately be used to better understand risk assessment for bleeding complication of patients
with LVADs implanted, and more importantly, a developmental tool for makers of future cardiac
devices.
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Chapter 6
Future Work
There are several areas of this project that require additional studies to better understand
vWF’s behavior and to strengthen the internal validity of the experiment. One area of focus will
be the repetition of the phase shift experiments at a shear rate above 2000s-1. No significant
difference has been observed between the phase angle of the vWF-coated beads with shear rates
of 314s-1 and 625s-1, and it is hypothesized that a greater shear rate may introduce a change in
phase angle between bead groups.
Another approach to investigating the effects of this conformational change on phase
angle will be the use of biotinylated DNA as a positive control. Using bacteria plasmids of
known length and specific proteolytic enzymes, a double stranded DNA segment of a desired
length can be obtained and 3’ biotinylated. Polystyrene beads can then be purchased with preattached streptavidin molecules. The streptavidin can then bind with biotinylated DNA. The
biotin-streptavidin proteins have the strongest protein affinity known to nature with a
dissociation constant, Kd ~ 10-14mol/L. This method can be used to coat one bead with a rather
long DNA strand (~1.5μm) and observe the phase angle with sinusoidal stage motion. This data
can then be compared with an ordinary 2μm bead with nothing attached to the surface and it is
hypothesized that there will be a detectable difference in phase angle due to the substantially
different functional radii of the microspheres. Flourophores can also be attached to the 5’
terminal end of the DNA and visualized under UV light, giving a quantitative method of
evaluating the concentration of molecules on each bead.
The time constant of vWF unfurling is an important component of its physiological
functioning, yet very little is currently known in regards to how fast the conformational changes
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take place and the rate of its reversibility in the absence of shear stress. Continued studies are
necessary to develop some temporal and mechanistic understanding of this process. Future
studies can investigate varying exposure times of stress and the corresponding conformational
changes they induce.
Studies can also look at the pulsatility index of flow. As previously stated, studies show
that continuous flow leads to significantly lower concentrations of high molecular weight vWF
in vivo compared to pulsatile flow. Experiments can model this phenomenon in vitro by
changing patterns of fluid velocity and stage motion. One potential study may be to jerk the
stage, creating high shears for a matter of seconds and observing the vWF’s behavior.
Lastly, more data with ranging shear intervals and rates of shear will lead to a better
optimization of the relationship between shear and the degree of conformational change, as well
as strengthening the internal validity of the experiment statistically.
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Appendix A
Displacement and Phase Raw Data
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