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Mechanics of Transient Platelet Adhesion to von Willebrand
Factor under Flow
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ABSTRACT A primary and critical step in platelet attachment to injured vascular endothelium is the formation of reversible tether
bonds between the platelet glycoprotein receptor Iba and the A1 domain of surface-bound von Willebrand factor (vWF). Due to the
platelet’'s unique ellipsoidal shape, the force mechanics involved in its tether bond formation differs significantly from that of
leukocytes and other spherical cells. We have investigated the mechanics of platelet tethering to surface-immobilized vWF-A1
under hydrodynamic shear flow. A computer algorithm was used to analyze digitized images recorded during flow-chamber
experiments and track the microscale motions of platelets before, during, and after contact with the surface. An analytical two-
dimensional model was developed to calculate the motion of a tethered platelet on a reactive surface in linear shear flow. Through
comparison of the theoretical solution with experimental observations, we show that attachment of platelets occurs only in
orientations that are predicted to result in compression along the length of the platelet and therefore on the bond being formed.

These results suggest that hydrodynamic compressive forces may play an important role in initiating tether bond formation.

INTRODUCTION

Platelet adhesion dynamics is of central importance in
hemostasis and thrombosis. During these biological pro-
cesses, circulating platelets are recruited from the blood
stream to sites of vascular injury, an event dependent on two
key platelet glycoprotein (GP) receptors: GPIba (subunit of
the GPIb-IX-V complex) and GPIIb-Illa (aB3yy; integrin)
(Lopez and Dong, 1997; Ruggeri, 1997; Du and Ginsberg,
1997). One key ligand that supports platelet adhesion by
interacting with both of these receptors is von Willebrand
factor (vVWF), a multimeric plasma glycoprotein that is
deposited on the exposed subendothelium region of the
damaged vessel (Sakariassen et al., 1979; Turitto et al., 1980;
Coller et al., 1983). In regard to GPIba-mediated adhesion, it
is the A1 region of this multidomain molecule that is critical
for supporting the initial attachment (tethering) and sub-
sequent translocation of platelets in flow (Savage et al., 1996;
Cruz et al., 2000). This interaction also stimulates activation
of the platelet GPIIb-IIIa receptor, which is necessary for
firm irreversible adhesion and platelet aggregation (Savage
et al., 1996; Parise, 1999; Kasirer-Friede et al., 2004).
Experiments have been conducted by a number of
research groups to determine the effects of shear stress on
platelet adhesion and the complementary roles of various
platelet receptors (GPIba and GPIIb-IIla) and their ligands
(vWF, fibrinogen, vitronectin, fibronectin) in promoting
normal and pathological thrombus formation (Turitto et al.,
1980; Weiss et al., 1989; Ikeda et al., 1991; Savage et al.,
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1992, 1996; Alevriadou et al., 1993; Kroll et al., 1996;
Grunemeier et al., 2000). In shear flow, platelets were
observed to transiently tether as well as translocate on the
injured vessel surface via GPIba-vWF tether bonds before
firm adhesion, an interaction reminiscent of selectin-mediated
rolling of leukocytes on inflamed endothelium (Springer,
1994; Savage et al., 1996; Cruz et al., 2000). Interestingly,
Doggett et al. (2002, 2003) investigated the kinetics of the
GPIba-vWF-A1 tether bond and demonstrated that it exhibits
similar biophysical attributes as the selectins; these include
fast association and dissociation rates, force-dependent
kinetics, and the requirement of a critical level of shear flow
for adhesion to occur. This work has recently been confirmed
by Kumar et al. (2003). In contrast to leukocytes, however,
tethered platelets do not roll, but instead exhibit a flipping
motion in the direction of flow due to their flattened ellipsoidal
shape. Thus, distinct mechanics imposed by the differences
in the shapes of platelets versus leukocytes must govern
tethering of these cell types in a flow environment even
though they possess similar kinetic attributes.

In the current study, we sought to further explore and
define the mechanics of platelet-surface contact by studying
interactions between GPIba and the vVWF-A1 domain under
varying hydrodynamic shear stress conditions. Unlike pre-
vious platelet experiments that have primarily involved bulk
measurements of platelets interacting with a surface to de-
termine the total number of adhering platelets (Savage et al.,
1996; Cruz et al., 2000; Grunemeier et al., 2000), our work
focused on examining the microscale motions of individual
platelets during their transient interactions with vVWF-AL.
Images of platelet motion over vWF-Al-coated surfaces
were captured during flow chamber experiments, for a range
of fluid shear stresses (0.2—8.0 dyn/cm?). We used a platelet
image processing algorithm developed in MATLAB to
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determine, from the digitized images, platelet three-dimensional
orientation with respect to the surface as a function of
time.

Since theoretical models have been successfully de-
veloped to aid in our understanding of primary and
secondary leukocyte recruitment at sites of inflammation
(Hammer and Apte, 1992; King and Hammer, 2001a,b), we
anticipated that a suitable model for platelet mechanics
would prove useful in providing physical insight into the
platelet recruitment process. To this end, we developed an
analytical model from first principles to characterize the
flipping motion of a tethered platelet on an adhesive surface
under linear shear flow and then compared predicted platelet
trajectories with those obtained from flow chamber experi-
ments. The hydrodynamic forces acting on the tethered
platelet for various orientations during its flipping motion on
the surface were also obtained from the model. Finally, the
instantaneous orientation of platelets with respect to the
surface at the time of surface capture and release were re-
corded and compared to the theory. We found a consistent
correlation between the nature of the hydrodynamic force
acting on the platelet and the angular orientation of the
platelet at the time of attachment to or detachment from the
surface. The results obtained may have important implica-
tions on the role of compressive hydrodynamic forces in
enabling platelet adhesion.

MATERIALS AND METHODS
Experiments

Platelet tethering experiments were carried out in a parallel-plate flow
chamber apparatus at a range of fluid shear stresses as previously described
(Cruz et al., 2000; Doggett et al., 2002). Briefly, platelets were purified from
citrated whole blood (5 X 107 per ml) and perfused over plasma vWF
(20 wg/ml) at fluid shear stresses ranging from 0.2 to 8 dyn/cm?. Images of
platelets flowing over, attaching to, flipping on, and detaching from vWF-
Al-coated surfaces were captured at 120 fps (235 fps in one set) using
a Nikon microscope (Nikon, Tokyo, Japan) equipped with a 20X objective
and high speed video camera (Speed Vision Technologies, San Diego, CA),
and converted to digital movies. The total magnification corresponded to
7.57 pixels per micron.

Cell tracking methodology

For the purposes of cell tracking, the platelet was modeled as a rigid
ellipsoid. The MATLAB image processing program first analyzed the entire
sequence of digital grayscale images captured from phase contrast
microscopic images of platelets to determine the dimensions of each cell.
Each digital movie studied contained most of the range of possible platelet
orientations; thus the major and minor platelet axes could be readily
identified. To calculate the three-dimensional platelet orientation for a
particular frame, an initial orientation was assumed based on the most re-
cent platelet position, and its elliptical two-dimensional projection on the
x,y plane was compared with the actual platelet projection. The simplex
method for minimization of the sum of errors (distance between
complementary points on the experimental platelet projection and the
predicted projection) was used to determine, in proximity of the initial
assumed position, the true platelet orientation. Note that the platelet can be
tracked with high fidelity during the entire interaction using this technique.
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Fig. 1 illustrates graphically the algorithm’s tracking results of one platelet
flipping event. We have made this program available to others for use in
tracking the motion of ellipsoidal particles (contact M.R.K.).

Analytical platelet flipping model

The platelet was modeled as a thin plate, hinged at one end and extending
infinitely in the direction perpendicular to the flow and velocity gradient
directions. We assumed in our model that the platelet-surface bond(s)
provides no resistance to rotation and behaves as a frictionless hinge. The
flow near the surface was approximated as linear shear flow. Because of the
microscopic dimensions of this fluid system (Reynolds number Re = pL2')//,LL
< 1, where p is the fluid density, L is the characteristic length, v is the shear
rate, and w is the fluid viscosity) the flow near the wall is within the Stokes
regime and inertial effects can be neglected. Taking advantage of the
linearity of the Stokes flow equations, [LVZV —Vp=0,V.v=0,wherevis
the fluid velocity and p is the fluid pressure, the hydrodynamic problem of
platelet flipping can be decomposed into the sum of two simpler problems
(Fig. 2):

1. Fence problem. Linear shear flow around a stationary fence inclined at
angle « to an infinite rigid wall. The governing boundary conditions for
this flowarev=0at0 =0,wmandv=0atf =a for0 =r =1, and
v — yziasr — o, where a is the angle made by the fence with the
plane and is measured in counterclockwise direction, vy is the shear rate,
and i is a unit vector in the x direction.

2. Hinge problem. Flow due to rotation at angular velocity w of a hinged
plate oriented at angle « to a planar surface. The surrounding fluid is
motionless at infinity. Edge effects due to the finite extent of the platelet
were neglected. The analysis was done in two parts with flow fields for
fluid regions on either side of the plate determined separately. The
boundary conditions consist of the no-slip and no-penetration con-
ditions at the solid surfaces of § = 0, 7, a.

A solution to the fence problem has been previously determined by Jeong
and Kim (1983). They derived analytical expressions for force and torque
exerted on the fence by the fluid, for all orientations of the fence with respect
to the wall (Appendix 1). For the hinge problem, the necessary expressions
for velocity profiles, force, and torque were derived, and are discussed in
Appendix 2.

RESULTS
Flipping of tethered platelets

A platelet tethering event was defined as the occurrence of
a platelet binding to the surface such that the anchorage point
did not move while the platelet flipped about this point. After
completing one flip in the direction of flow, platelets were
observed to either dissociate after some finite time, or
undergo a second flip at a new anchorage point. The platelet
flipping events that were analyzed lasted between 0.35 and
4 s. This is significantly longer than the largest value of
characteristic time for force loading of the bond, which can
be calculated as 1/(minimum shear rate) = 1/100 = 0.01 s.
This is the average time taken for a (spherical) cell to move
a distance equal to its radius in the direction of flow resulting
in maximum stressing of the bond. In the experimental
characterization, platelets that did not exhibit significant
rotation about the x axis were selected for study, i.e.,
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FIGURE 1 Graphical results of the platelet tracking algorithm developed to analyze three-dimensional position of tethering platelets from digital movies. (A)
Digital movie frames of a tethered platelet flipping on a vVWF-coated surface showing platelet orientation at five different times (i—v) during the flip. (B)
Corresponding diagrams of ellipsoidal mesh models rotated approximately three axes and its calculated two-dimensional projected shadow. (C) Regression of
calculated shadow outline (represented by thick solid line) to experimental image outline (represented by O).

complex, fully three-dimensional trajectories were not
analyzed. Seven out of 39 observed flipping events exhibited
three-dimensional motion. These so-called three-dimen-
sional trajectories involved either diagonal flipping with
a velocity component normal to the flow direction or

Biophysical Journal 88(2) 1432—1443

significant bending of the platelet. Platelets rolling on their
edges were not observed. Nine representative flipping
trajectories, spanning wall shear stresses ranging from 1.0
to 8.0 dyn/cm2, were chosen for comparison with the
theoretical prediction. Fig. 3 compares the experimentally
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FIGURE 2 Schematic of how the Stokes flow problem of a platelet
flipping on a surface may be modeled as a two-dimensional analytical
problem by decomposing it into the sum of two simpler cases. Flipping is
aresult of the hydrodynamic effect of shear flow on the platelet as it interacts
with surface-bound vWF. (A) Platelet attached to the surface by GPIba-vWF
bond(s) and subjected to linear shear flow. (B) A stationary and rigid inclined
fence subjected to linear shear flow. (C) A rigid, flat, hinged plate rotating at
angular velocity o toward the surface in a quiescent fluid.

observed platelet flipping trajectories with that predicted by
the two-dimensional analytical model. Importantly, the
motion of the platelets was in good agreement with the
predicted trajectories over a wide range of shear stresses
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FIGURE 3 Plot of analytically predicted and experimentally observed
trajectories of bound platelets during platelet flips as a function of the
dimensionless time. At time ¢ = 0, the platelet is oriented at 90° to the
surface. (Thick solid line represents the theoretical prediction; the symbols
<O, A, O, and O represent four experimental flipping events at 8 dyn/cm?;
the symbols >, <, A, and O represent four experimental flipping events at
1.5 dyn/cm?; x represents a flipping event at 1 dyn/cm?.)
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(1-8 dyn/cmz). It is evident from Fig. 3 that when time is
non-dimensionalized with respect to wall shear rate, the ex-
perimental platelet trajectories obtained for a range of shear
stresses all collapse onto a single curve (within experimental
error) as expected from the model.

Radial bond force prediction

Our theoretical analysis also provides information on the
magnitude and direction of force acting on the platelet, and
thus yields an estimate of the hydrodynamic radial force
experienced by the tethered platelet as a function of its
orientation with respect to the surface. Making the assumption
that the receptor-ligand bond(s) is oriented in the direction of
the major axis of the platelet, one can thus calculate the radial
force on the bond (see Discussion for motivation for this
assumption). Fig. 4 B shows the magnitude and direction of
non-dimensionalized radial force acting on the platelet-
surface bond during the period of the flipping event. The
theory predicts that the radial force on the bond changes sign
during the platelet flip. The force on the bond is calculated

~h
Linear
shear
flow
B 15 . .
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®© 0 @ &N oo

Nondimensional bond force F/{2yu A)

T & WP B
-1

37;‘4 11;2 'n:;4 0
Platelet angle o

FIGURE 4 Plot of non-dimensionalized theoretical hydrodynamic radial
bond force as a function of decreasing platelet orientation angle, compared
with experimentally observed platelet attachment/detachment angles. (A)
Schematic diagrams of three positions of a platelet during its flip, where « is
the angle the platelet major axis makes with the surface, measured in
counterclockwise direction. (B) Non-dimensionalized theoretical radial bond
force, F/(2ryuA), plotted as a function of platelet orientation angle where the
angles vary from 7 to 0 as the platelet flips from one side to the other; the
experimentally observed attachment angles (<) and detachment angles (O)
obtained from experiments conducted at shear stresses of 1.0, 1.5, 2.0, 4.0,
and 8.0 dyn/cm? are plotted with the theoretical bond force estimate. Note
that the occurrence of attachment/detachment events corresponds to the
negative/positive sign of the predicted radial force, respectively.
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to be compressive over the first half of the flip and tensile over
the second half. Tees et al. (1993) demonstrated in their
investigations of dissociation of sphere doublets under shear
stress, that the doublet undergoes alternating tensile and
compressive forces during its periodic rotation in the fluid.
During one quarter of the complete orbit of the doublet (prolate
spheroid) long axis, the doublet experiences compressive force
which promote surface contact and bond formation (Neela-
megham et al., 1997), and during the next quarter of the orbit,
tensile forces dominate promoting bond dissociation. To
estimate the magnitudes of compressive and tensile radial
force on a platelet from the model, we assume a platelet size
of 3 um X 3 um square and a fluid viscosity of 1.0 cP. The
maximum absolute value of radial force on the bond is
calculated as 0.93 pN and 10.2 pN at a shear rate of 73 s~ ' and
800 s~ ', respectively. Note that Doggett et al. (2002) showed

aminimum shear threshold for tether bond formation at 73 s~ .

Analysis of platelet attachment/
detachment events

We analyzed experimental platelet tethering events using our
platelet tracking/image processing algorithm to determine
angles of platelet attachment to, and detachment from, the
surface, and to correlate these angles with the predicted
radial force acting on the ellipsoidal cell. Twenty-two at-
tachment events and 30 detachment events were recorded
for a total of 52. These events include all monitored platelet-
surface contacts that resulted in attachment or detachment.
We were unable to experimentally determine the number of
contact events that result in attachment since we could not
identify a non-adhesive contact event by visual observation;
however, we could precisely determine an attachment event.
The angles at which the platelets attached to the surface were
all found to be >m/2 whereas the detachment angles were
found to be <r/2, i.e., attachment occurred during the first-
half of a platelet rotation (o = 7r to 77/2) whereas detachment
occurred during the second-half of a platelet flip (@ = 7/2
to 0). Fig. 4 B compares the experimentally observed
attachment and detachment angles with the theoretical
estimate of the radial force acting on the platelet. From
these data, we noted a consistent record of platelet attach-
ment events occurring when the platelet is predicted to exper-
ience hydrodynamic compressive force, with no observations
of attachment when the radial force is predicted to be tensile
in nature.

We examined how the average platelet attachment and
detachment angles depend on wall shear stress for the 52
attachment and detachment events analyzed. Fig. 5 shows
that, within experimental error, the attachment angle is
independent of shear stress over a range of 1.5—4 dyn/cm”.
Interestingly, the detachment angle was found to be a de-
creasing function of shear stress. Pooling the low shear data
(1.5-2 dyn/cm?) and similarly pooling the high shear data
(4-8 dyn/cm?) and comparing the mean of the two samples,
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FIGURE 5 Plot of the experimentally measured average attachment (<)
and detachment angles (O), as a function of wall shear stress.

we find that this difference reaches statistical significance
(p < 0.001, student’s z-test). Both the independence of the
attachment angle and the dependence of the detachment angle
with wall shear stress agree with our intuitive expectations.
Initial platelet attachment should depend primarily on the
incidence of cell contact, and in Stokes flows the trajectories of
suspended particles are independent of wall shear rate (or
equivalently, shear stress divided by fluid viscosity; see
Appendices). Conversely, during the cell detachment process
both the rotation rate and the magnitude of the force exerted on
the formed bond(s) each depend linearly on the wall shear
stress. Since the GPIba-vWT bond has been found to exhibit
selectin-like bond kinetics, dissociation rate will depend
strongly on force in an exponential manner (Doggett et al.,
2002). Since the full force-loading history on the receptor-
ligand bond during platelet rotation is highly nonlinear, it will
require detailed adhesive dynamics simulations to fully
analyze and predict how detachment angles should correlate
with wall shear stress and other physical determinants (King
and Hammer, 2001a,b).

Characterization of the trajectories of freely
flowing platelets

We characterized the trajectories of freely flowing platelets
as they rotated in the direction of flow near the vVWF-A1l
functionalized surface. According to Frojmovic et al. (1990),
the platelet can be viewed as an oblate spheroid with aspect
ratio 0.25. Jeffery orbits (Jeffery, 1922) describe the periodic
trajectories of oblate spheroids rotating in unbounded linear
shear flow and were used to predict the rotational motion of
free-stream platelets subjected to linear shear flow. The non-
dimensionalized Jeffery equation yielding the periodic free-
stream platelet trajectories is given by a =7 —tan”!
[rtan(7/(r + r~1))], where « is defined as shown in Fig. 4 A,
r is the aspect ratio of the platelet taken as 0.25, and 7 is
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time non-dimensionalized with respect to fluid shear rate. Fig. 6
compares the rotational trajectories of free stream platelets
flowing near the wall with the Jeffrey orbit prediction.

The Jeffery orbit theory does not account for the retardation
of the rotational velocity of spheroids due to the presence of
a nearby wall. Kim et al. (2001) showed that the viscous
torque resistance to the rotation of a circular disk when ori-
ented parallel to the plane, at a dimensionless distance h/a = 1
from an infinite plane, is 1.53 times greater than that for a
circular disk rotating in unbounded fluid. At a distance of
hja = 0.6, where a is the disk radius, the relative torque
increases to 1.88. Considering a platelet with aspect ratio 0.25
and in near contact with a wall, the maximum separation
between the platelet centroid and the wall will have value
h/a = 1.0 (corresponding to o = 7/2), whereas the minimum
separation will be i/a = 0.25 (corresponding to o = 0, 7). As
a first approximation to inclusion of the influence of the wall
we chose an intermediate value of i/a = 0.6 and scaled the
freestream platelet rotational velocity by the corresponding
factor of 1.88. Here, rescaling the rotational velocity is
equivalent to stretching the time domain. Fig. 6 compares the
calculated rotational motion with the experimentally measured
orientation angles. Note that the corrected trajectory is based
on the results for a disk oriented horizontally and therefore
may not be valid for nonparallel platelet orientations.
Considering these approximations, as shown in Fig. 6, the
agreement with our experiments is quite good and suggests
that the effect of the wall is of sufficient magnitude to account
for the discrepancy with the unbounded fluid Jeffrey orbit
theory. Thus, together with the results of Fig. 4, these data
show that although unbound flowing platelets sample all
possible orientations, they consistently attach only during the
first-half of their rotation (orientation angle & = 7 to 7/2).
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FIGURE 6 Plot of the trajectories of free-stream platelets as predicted by
the Jeffery orbits theory, and platelet trajectories from experiments
conducted at 0.2 dyn/cm2 shear stress. The experimental data (O, *, V,
and A) are compared to the Jeffery orbit model for spheroid rotation in
unbounded fluid (dashed line), and the theoretical prediction corrected to
include the wall effect on plate rotational motion (thick solid line).
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DISCUSSION

Over the past century, much theoretical and experimental
work has elucidated the motion of spherical particles in
Stokes flow for a variety of flow fields and bounding
conditions. In the last four decades, significant progress has
been made in the development of exact and approximate
analytical solutions for hydrodynamic interactions in un-
bounded shear flow between two spheres (Lin et al., 1970;
Batchelor and Green, 1972; Brenner and O’Neill, 1972) and
between multiple spheres (Haber and Brenner, 1999). Dean
and O’Neill (1963), O’Neill (1964), Brenner (1961), and
Goldman et al. (1967a,b) developed exact solutions using bi-
spherical coordinates for the translational and rotational
motion of a sphere in bounded Stokes flow near a plane wall,
and Brenner and Happel (1958) developed approximations
for determining flow characteristics of viscous flow past
a sphere in a cylinder. Solutions for the flow of nonspherical
particles are less commonly available mainly because of the
difficulties in determining the hydrodynamic interactions
between nonspherical particles or a nonspherical particle and
a plane. Jeffery (1922) solved the hydrodynamic problem of
the motion of an ellipsoidal particle in fluid that is motionless
at infinity. Yoon and Kim (1990) used boundary collocation
methods to solve the mobility problem of two spheroids in
Stokes flow. However, we are aware of no studies that have
considered the motion of an ellipsoid or oblate spheroid near
a plane wall under linear shear flow, a scenario highly rel-
evant to platelet flow and adhesion in blood vessels.

Computational modeling of blood cell adhesion is a highly
useful tool to clarify the influence of physicochemical factors
(hydrodynamic flows, hydrodynamic cell-cell interactions,
chemical kinetics) on adhesion dynamics of cells under flow.
A number of theoretical models have been developed to
describe blood cell adhesion to the vascular wall and cell-cell
aggregation at physiological flow rates (Hammer and Apte,
1992; Helmke et al., 1998; Tandon and Diamond, 1997,
1998; Long et al., 1999; King and Hammer, 2001a,b). These
models approximate blood cells as spherical in shape.
Computational models of platelet adhesion to a surface under
flow are lacking due to the scarcity of theoretical studies on
nonspherical particulate-wall interactions under flow. Since
platelet-shaped cells behave differently from spherical cells
under shear flow, the unique shape of the platelet brings new
challenges in understanding the effect of hydrodynamic
forces on its tether bond formation.

In this article, we have presented a clear two-dimensional
analytical model to characterize the flipping of tethered
platelets at various physiological shear rates. Transient
tethering and translocation of platelets by means of flipping
on the injured endothelial surface is a characteristic feature of
GPIba-vWF-AL interactions (Doggett et al., 2002), and has
been likened to the rolling of leukocytes. Our theoretical model
compares well with the experimentally observed platelet
motion on an adhesive surface. Additionally, this theoretical

Biophysical Journal 88(2) 1432-1443
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analysis estimates the hydrodynamic radial force acting on the
platelet, and predicts the force to be compressive (directed
toward the wall) during the first half of the tethered platelet’s
flip on the surface and tensile (directed away from the wall)
during the second half. For the case of a platelet freely flowing
over the surface, the rotational motion of the platelet caused
by shearing fluid forces results in the platelet edges being
periodically pushed toward and pulled away from the surface.
Note that a rigid spherical body does not experience a lateral
force when flowing parallel to a planar wall in shear Stokes flow
(Goldman et al., 1967a), whereas deformable droplets, on the
other hand, experience a lift force away from the wall even at
zero Reynolds number (Leal, 1980); such flow behaviors may
be expected to influence contacting of cells with the wall.
Finally, we analyzed the orientation of platelets at the time of
binding to, and release from, the surface, and showed that all of
the experimental observations of bond formation and bond
dissociation correlate with the predicted sign of the hydrody-
namic radial forces acting on the platelet, i.e., tethers are only
observed to form when the predicted hydrodynamic force is
compressive, whereas tethers are only observed to dissociate
when the force is tensile.

Our findings suggest that the pattern of platelet binding to,
and release from, a vVWF-coated surface is governed by radial
forces experienced by the platelet. Since we are unable to
obtain a direct, experimental measurement of the hydrody-
namic force acting on the platelet at the time of cell-surface
binding, we must rely on the theoretical model’s estimate of
this force, which is derived through solution of the creeping
flow equations and shown to accurately predict the in-
stantaneous velocity of the observed flipping platelets.
Tether bond formation appears to occur only in those
orientations where a hydrodynamic compressive force is
predicted to act along the platelet length, pushing it against
the surface, thereby initiating cell adhesion. Compression
promotes bond formation by bringing the surfaces into close
molecular contact and helping to overcome repulsive long-
range interactions between the surfaces (Bell et al., 1984).
After initial bond formation, this force aids in maintaining
close contact between the cell surfaces and strengthens the
initial tether by promoting further bond formation.

Platelet-endothelial collision and resulting contact is
expected to occur only under conditions of hydrodynamic
compressive force on the platelet. Figs. 4 and 5 clearly
demonstrate that although shear flow promotes contact and
subsequent attachment at angles of incidence >90°, the
angle of attachment is not found to be a function of shear
rate. As explained earlier, this result is expected because
particle trajectories are independent of the magnitude of
shear rate in Stokes flow. Compressive force on the platelet,
on the other hand, is a function of both the incident angle and
shear rate. If a critical magnitude of compressive force was
required to promote bond formation, one might expect to see
a trend in the angles of bond formation with shear rate. Here,
it is important to note that once the platelet collides with the
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surface at an angle (>90°), it remains in contact until it as-
sumes a 90° orientation. Although the GPIba-vWf-A1l bond
formation kinetics have yet to be fully characterized, we specu-
late that a finite time of application of this compressive force
may induce bond formation at smaller angles (but >90°) associ-
ated with less favorable compressive forces. It is therefore
difficult to ultimately conclude the essentiality or non-essen-
tiality of a minimum compressive force for binding from these
data alone.

Although it is not obvious from the experiments and
theoretical model whether cell compression or cell contact is
directly responsible for the good agreement between the
experimental observations of tether formation and dissoci-
ation and the theoretical calculation of hydrodynamic forces,
the conclusion that compressive forces play a role in
initiating tether formation is nevertheless consistent with
the experimental and theoretical results, and is indirectly sup-
ported by these results. It has been shown that platelet tether-
ing on immobilized vWT increases with increase in shear rate
(Doggett et al., 2002), which implies that tether bond forma-
tion is positively influenced by shear rate and hence com-
pressive hydrodynamic forces. The role of compressive
forces in initiating receptor-ligand binding is a fundamental
question in blood cell adhesion. Our results suggest the
importance of sub-picoNewton compressive forces in the
initial capture of human platelets to vWF under physiolog-
ical flow conditions. Extending our findings to other families
of bonds, there is a possibility that leukocyte selectin-ligand
bonds may associate only under suitable conditions of
compressive force, which is consistent with recent studies of
leukocyte bond formation using micromanipulation tech-
niques (Chesla et al., 1998).

The GPIba-vWF-AT tether bond requires a threshold level
of fluid shear stress (73 s~ ') (Doggett et al., 2002) to promote
adhesive interactions. Below this shear threshold, platelets
cease to interact with the immobilized VWF-A1l on the
surface and continue to flow at hydrodynamic velocity. This
similar property is also shown by L-selectin interactions with
its sialylated glycoprotein ligand (shear threshold ~40 s~ ")
(Finger et al., 1996). The mechanism by which shearing
forces govern vWF-GPIba binding is unknown. Interest-
ingly, whereas GPIba platelet receptors do not bind to
circulating vWF multimeric plasma proteins under normal
conditions, pathological high-shear stress conditions (above
60 dyn/cm?) induces binding of large circulating VWF to
GPIba (Konstantopoulos et al., 1997; Li et al., 2004) even in
the absence of exogenous agonists or activating agents.
Shear-induced GPIba-vWF binding subsequently initiates
platelet activation and aggregation. GPIba cannot bind either
surface-immobilized or circulating vWF under static con-
ditions, which suggests that the mechanism of shear stress-
induced binding is the same for both types of interactions.
Our model (Eq. A31) shows that the radial compressive force
acting on the platelet increases linearly with increasing shear
rate, which implies that a critical shear threshold is



Mechanics of Transient Platelet Adhesion

equivalent to a critical normal force. According to our
theory, the threshold shear rate of 73 s ' for GPIba-vWF-A1
adhesive interactions translates to a critical normal force of
only 0.93 pN. By gaining a better understanding of the nature
of hydrodynamic forces during cell adhesion, it will be
possible to elucidate the link between the critical shear
threshold and bond formation of GPIbar with vWF, a prime
motivational factor for this study.

The hydrodynamic forces exerted on leukocyte bonds,
during transient tethering or rolling on a reactive surface, can
be determined by carrying out a simple force and torque
balance on the model spherical leukocyte. This technique
was first employed by Alon et al. (1995) for calculating the
first-order kinetic parameters of the P-selectin-PSGL-1 bond,
and again (1997) for studying L-selectin tethers. Shao et al.
(1998) and Park et al. (2002) used this bond force calculation
method for studying microvilli extension. Doggett et al.
(2002) used this same force balance technique to determine
the kinetic parameters of the GPIba-vWF-A1 bond. They
circumvented the problem of the platelet being nonspherical
by coating microspheres with vWF-A1 and then allowing
them to flow over surface-immobilized platelets. It is
important to note that the majority of platelet bonds with
the surface, unlike leukocyte tethers, will not experience
a sizeable lever-arm effect due to distinct differences in the
geometry of these two adhesive systems. In the case of
a spherical leukocyte binding with the surface, a lever arm
exerts force and torque on the cell at a location several
microns upstream of the lowest point of the spherical cell
body (Alon et al., 1995; Park et al., 2002). However, platelet
bonds are usually located close to the point of platelet-
surface contact (the so-called hinge region) while flipping.
Additionally, due to the ellipsoidal shape of the platelet,
normal forces cause the platelet to flip or rotate over the
surface (which is not possible for tethered spherical cells)
and so the lever effect is minimal here. Therefore, we assume
that the force on the bond is of the same order of magnitude
as the hydrodynamic radial force acting on the platelet.

A key element in these force and torque balances is the
hydrodynamic shear force and torque that the cell experiences
when stationary on a planar surface. These are provided by the
solution for an immobilized sphere under linear shear flow
contacting a plane wall, developed by Goldman et al. (1967b).
However, as mentioned earlier, there are no existing solutions
for the force exerted on a nonspherical cell tethered to
a surface. What is of prime importance in any physiological
model for blood cell adhesion is an accurate estimation of the
forces acting on the cell near, or on, a surface. Without this
knowledge it becomes difficult to predict the flow behavior of
the cell, the behavior of bonds when the cell is tethered, and
how quickly bonds will form or dissociate based on the range
of forces acting on the bonds and cell. Such analysis of platelet
tethering behavior is possible only if the hydrodynamic
effects on platelet-shaped cells are well defined. For the case
of a platelet tethered to, and translocating on a surface, the
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hydrodynamic forces acting on it will depend on its shape,
size, and orientation. In the present article, we estimated the
platelet as a flat plate, and proceeded to calculate the forces
and torques acting on the plate for all orientations. Therefore,
our results can be viewed as first estimates of the hydrody-
namic force and torque on a platelet tethered to a surface,
which can be compared with the observed platelet adhesive
behavior to gain a better understanding of hydrodynamic
effects on platelet adhesive phenomena.

Although the model presented here merits simplicity and
provides insight into the force mechanics acting on the
tethered platelet during its flipping motion on the surface, its
utility is nevertheless limited since it does not consider
binding kinetics and simplifies the platelet shape as a thin
two-dimensional planar surface. A logical next step would be
to develop a numerical simulation that examines the full
three-dimensional motion of platelets during approach,
collision, adhesion, and release from the vessel wall in order
to extend the range of validity of the analytical model, and
further define the precise force history on the GPIba-vWF-
Al bond during tethering and translocation.

APPENDIX 1

Jeong and Kim (1983) derived the analytical expressions for forces and
moments due to linear shear flow acting on a stationary fence with unit
length, mounted at an arbitrary angle « with respect to an infinite rigid wall
(Fig. 2). The flow around the fence was assumed to be slow and viscous so
that the inertial terms are negligible and flow may be approximated as Stokes
flow. If {and £ are unit vectors in the x and z directions respectively, the
governing equations describing the flow are

uVv—Vp=0,V-v=0, (A1)
v=0 at =0, &
and v=0 at f=a for 0=r=1, (A2
v—>yzf as r— oo, (A3)

The Stokes equation and the continuity equation along with the above
boundary conditions were solved by describing pressure and velocity as vector
harmonic functions, transforming the resulting equations by Mellin trans-
formation and then subsequently solving a set of simultaneous Wiener-Hopf
equations in four unknowns using the technique described by Noble (1958).
The normal force F,,, shear force F,, and moment (or torque) 7y exerted on the
fence by the fluid were calculated using the following relations:

|
Fo= [ ptra) = praar,
0
F.= / {7(r, a+) — Tp(r,a” ) }dr, (A5)
0
1
I = / {p(r,a”) —p(r,a”)}rdr, (A6)
0

We found that the radial force F, (Eq. AS) can be approximated (with
maximum error of 3.6% and average error of 1.76%) by a polynomial fitted
to the Jeong-Kim plot of analytically determined tangential force as a
function of inclination angle «, as
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F, = 2uyA(—0.0142a" + 0.1076a" — 0.027a° — 0.9044a’
+0.8436a + 0.5003), (A7)

where A is the area of one face of the plate.

The torque Ty generated by shear flow can be similarly approximated
(with maximum error of 3.5% and average error of 1.1%) by a polynomial
fitted to the Jeong-Kim plot of analytically determined torque as a function
of inclination angle «, as

Ty =2uyAl(—0.128a° + 1.1995a° — 4.2348a" + 6.9666°
—6.0554a” +3.9154a +0.0178), (A8)

where / is the height of the plate.

Fig. 7 demonstrates the good fit of the approximating polynomials
determined by a least-squares regression fit to the analytically derived
solution of force (Eq. A7) and torque (Eq. A8).

APPENDIX 2

We derived the analytical expressions for the force and torque acting on
a two-dimensional plate that rotates at an angular velocity w, and is hinged to

A

=
N 0O

=
o

T A ) 4 0
Fence inclination angle (o)

2t 3
<
=
ﬁl.i 3 1
E
@
o
c 1} o
]
c
=]
@
=
o0.5 E
2
c " " i
.2 In/4 2 /4 0

Fence inclination angle (a)

FIGURE 7 Plots of the analytically derived solution for force and torque
acting on a stationary inclined fence subjected to linear shear flow (fence
problem; Jeong and Kim, 1983), and the polynomial approximations fitted to
the analytical solution by least-squares regression. (A) Plot of force values taken
from the analytically derived solution (Eq. AS) (#) and force calculated from
the polynomial approximation (Eq. A7) (thick solid line). (B) Plot of torque
values taken from the analytically derived solution (Eq. A6) () and torque
calculated from the polynomial approximation (Eq. A8) (thick solid line).
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a rigid infinite wall, with the surrounding fluid being motionless at infin-
ity. Fluid motion in the vorticity direction is neglected. The Stokes
approximation is valid in general for flow of a viscous fluid near a sharp
corner between two planes. Because of the microscopic dimensions of our
fluid system, Stokes flow prevails everywhere in the fluid. Fluid motion on
either side of the rotating plate is considered separately in our derivations.
The full solution is then equal to the sum of both flows.

The flow due to the motion of the plate is unsteady and therefore the
acceleration term in the equation of motion for a viscous incompressible
fluid, p(8v/8t) + Vp = uV?v, does not vanish. On non-dimensionalizing
the time-dependent Stokes equation, we obtain Ngg[¥/F] + Vi = V7,
where Ngg (Reynolds Number) = L?pw/u. Since for the experimental
conditions studied Ngg < 1, the flow is in the Stokes regime and we may
assume quasi-steady-state flow.

Hinge flow in the region downstream of the
rotating plate

The surface at § = 0 is stationary and the surface at § = & moves at an angular
velocity of w(= —da/dt) toward the horizontal surface (Fig. 2). Both angle «
and angular velocity w are functions of time. The derived results are valid at an
instantaneous time . This problem was solved using stream functions. The
boundary conditions for this problem include the no-slip and no-penetration
conditions at the solid surfaces, § = 0, = «, and are expressed as

v (r,0)=w(r,a) =vy(r,0)=0; vy(r,a)=—wr. (A9)

Solving the Stokes flow equation we obtain the non-dimensionalized ve-
locity components as

7

e 2(1 —cos2a — asin2a)
X [sin2a(cos26 — 1) — (cos2a — 1)sin 2],

7

(A10a)

Vg =

2(1 —cos2a — asin2«a)
X [sin2a(26 — sin20) — (1 — cos2a)(1 — cos20)],
(A10b)

where the variables are non-dimensionalized, as shown below, and where ¢
is the length of the hinged plate,

u Uy r ~

= (e = =t

v (F,0) ; P -
/ ML

The pressure dependence on r,6 is determined by substituting Eq. A10 into
the Navier-Stokes equations in cylindrical coordinates and integrating,
yielding the result

—2sin2aln7+ C,
1 —cos2a — asin2a’

(Al1)

P downstream —

where C is an integration constant. Note that the pressure is independent of 6.
The r- and 6-components of the dimensionless drag force can be eval-
uated from the expressions

1 pl
Fome [ fwas=— [ [ fuaras
S 0J0
~ ~ ~ l 1~
ng//(P*%gg)dsz//(Pf%g‘q)dfdy—7
S 0J0

where 7 is the viscous stress tensor, and P is the pressure as determined
above. The radial drag force was calculated as

(A12a)

(A12b)
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- 1

T

1 —cos2a — asin2«a

X[sin2asin26 — (1 — cos2a)cos26], (A13)

which, evaluated at the planar surface, gives F,‘gzﬂ = 0. Similarly, the
6-component of the force is obtained as

_ —1
Fy

- in2a(1 — cos 26
| cos 20 — arsin 2 S 21 — c0s 26)

+sin260(cos2a — 1) + 2sin2a(—1) + C|],

which, when evaluated at the planar surface, yields

- —2[sin2a(—1) +C,] 2sin2a —2C,
Fe\e:a: =

1 —cos2a —asin2a 1—cos2a —asin2a’
(A14)

Note that the viscous stresses do not contribute to drag force on the hinged
plate. Also, there is no radial force on the plate due to the hinge flow.

Hinge flow in the region upstream of the
rotating plate

Next we considered the fluid motion induced on the other side of the rotating
plate. The surface at § = 77 is stationary and the surface at § = o moves at an
angular velocity of w(= —dea/dt) away from the horizontal surface (Fig. 2).
The solution of this problem is solved using the same methodology as in
Hinge Flow in the Region Downstream of the Rotating Plate, above. The
non-dimensionalized pressure and drag forces are calculated as

- —2sin2aIn7+ C,

Pu stream — . 5 AlS
P 1 —cos2a + (7 — a)sin2a (A15)
where C, is an integration constant,
- 1
" 1—cos2a+ (7 — a)sin2a
X[(1 —cos2a)cos20 — sin2asin260], (A16)

Fr|0:a - Oa
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and
F ! [sin2a(1 — cos26)
= in2a(1—
*71—cos2a+ (7 —a)sin2a
+sin26(cos2a — 1) + 2sin2a(—1) + Cs], (A17)
P 2[sin2a(—1) +C,]
W=7 —cos2a + (7 — a)sin 2
—2sin2a +2C, (A18)

" 1—cos2a + (7 —a)sin2a’

Evaluation of torque on the rotating plate

The torque on the plate—generated by pressure forces—which tends to
oppose motion of the hinged plate, is calculated by substituting Eqs. A1l
and Al5 in

= [ (P Pea @19
0

to yield

1/2Sin20z + Cl
1 —cos2a — asin2a

(—¥)sin2a — C,
1 —cos2a + (7 — a)sin2a’
(A20)

Th =

From the constraints of symmetry in Stokes flow for the geometry under
consideration, C = C; = —C,, where C is a constant taken to be independent
of a, and Eq. A19 becomes

~ hsin2a + C
h

—Vasin2a +C
1 —cos2a + (7 —a)sin2a’
(A21)

" 1—cos2a —asin2a

Determination of plate angle with respect to the
surface as a function of time using combined
fence and hinge flow solutions

The torques (calculated from the fence and hinge problems) acting on the plate
are equated (T = T,) to obtain an expression for angular velocity w = —da/dt
of the plate. The steady-state torque balance incorporating fence flow (Eq. A8)
and hinge flow solutions (Eq. A21) yields an expression for w,

2y Al(—0.128a° + 1.19950° — 4.2348a" + 6.9666a° — 6.0554a” + 3.9154a + 0.0178)

hsin2a + C

= wnAl
wH [l — cos 2a — asin 2w

da  2y(—0.128a° + 1.19950° — 4.2348a" + 6.9666a° — 6.0554a” + 3.9154a + 0.0178)

—Vasin2a + C
1 —cos2a + (7 — a)sin 2|’

which is rearranged to give

VWsin2a + C

(A22)

1 — cos2a — asin 2«

+ —Ysin2a + C
1 — cos2a + (7 — @)sin 2«
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Numerical integration of Eq. A22 with respect to time yields the
theoretical dependence of plate angle « (platelet orientation «) with time as
the hinged plate (platelet) rotates (flips) with respect to the rigid wall under
an imposed linear shear flow. Changing the single adjustable parameter C,
representing the unknown pressure integration constant, results in a change
in the slope of the curve. C takes on a value of 30 in our solution, which
produces good agreement between the theoretical prediction and the
experimental observations. To verify the Stokes approximation, Ngg is
calculated for the largest value of w, which evaluated from Eq. A22 is
0.133y. Substituting into the dimensionless group L’pw/u, one obtains
0.133 y Lp/u. Substituting pertinent values for these physical parameters,
L=3pum,p=1g/em’, u =1 cp, and shear rate = 100-800 s, the range of
values derived are 1.2 X 107*t0 9.6 X 10~* which are < 1. Thus the Stokes
flow and quasi-steady-state assumption remain valid.

This work has been supported by a grant from the Whitaker Foundation to
M.RK., and a National Institutes of Health grant HL063244 and an
American Heart Association grant 02-40009N to T.G.D.
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Jeong and Kim (1983) derived the analytical expressions for forces and moments due to linear shear flow acting on a stationary fence with unit length, mounted at an arbitrary angle 
 with respect to an infinite rigid wall (Fig. 2). The flow around the fence was assumed to be slow and viscous so that the inertial terms are negligible and flow may be approximated as Stokes flow. If 
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 are unit vectors in the x and z directions respectively, the governing equations describing the flow are
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The Stokes equation and the continuity equation along with the above boundary conditions were solved by describing pressure and velocity as vector harmonic functions, transforming the resulting equations by Mellin transformation and then subsequently solving a set of simultaneous Wiener-Hopf equations in four unknowns using the technique described by Noble (1958). The normal force F
n, shear force F
r, and moment (or torque) T
f exerted on the fence by the fluid were calculated using the following relations:
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We found that the radial force F
r (Eq. A5) can be approximated (with maximum error of 3.6% and average error of 1.76%) by a polynomial fitted to the Jeong-Kim plot of analytically determined tangential force as a function of inclination angle 
, as

(A7)
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where A is the area of one face of the plate.
The torque T
f generated by shear flow can be similarly approximated (with maximum error of 3.5% and average error of 1.1%) by a polynomial fitted to the Jeong-Kim plot of analytically determined torque as a function of inclination angle 
, as
(A8)
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where &ell; is the height of the plate.

Fig. 7
 demonstrates the good fit of the approximating polynomials determined by a least-squares regression fit to the analytically derived solution of force (Eq. A7) and torque (Eq. A8).

Appendix 2We derived the analytical expressions for the force and torque acting on a two-dimensional plate that rotates at an angular velocity 
, and is hinged to a rigid infinite wall, with the surrounding fluid being motionless at infinity. Fluid motion in the vorticity direction is neglected. The Stokes approximation is valid in general for flow of a viscous fluid near a sharp corner between two planes. Because of the microscopic dimensions of our fluid system, Stokes flow prevails everywhere in the fluid. Fluid motion on either side of the rotating plate is considered separately in our derivations. The full solution is then equal to the sum of both flows.
The flow due to the motion of the plate is unsteady and therefore the acceleration term in the equation of motion for a viscous incompressible fluid, 
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 does not vanish. On non-dimensionalizing the time-dependent Stokes equation, we obtain 
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. Since for the experimental conditions studied N
RE
&ll;1, the flow is in the Stokes regime and we may assume quasi-steady-state flow.
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