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ABSTRACT The process of platelet adhesion is initiated by glycoprotein (GP)Ib and GPIIbIIIa receptors on the platelet surface
binding with von Willebrand factor on the vascular walls. This initial adhesion and detachment of a single platelet is a complex
process that involves multiple bonds forming and breaking and is strongly influenced by the surrounding blood-flow environment.
In addition to bond-level kinetics, external factors such as shear rate, hematocrit, and GPIb and GPIIbIIIa receptor densities
have also been identified as influencing the platelet-level rate constants in separate studies, but this still leaves a gap in under-
standing between these two length scales. In this study, we investigate the fundamental relationship of the dynamics of platelet
adhesion, including these interrelating factors, using a coherent strategy. We build a, to our knowledge, novel and computation-
ally efficient multiscale model accounting for multibond kinetics and hydrodynamic effects due to the flow of a cellular suspen-
sion. The model predictions of platelet-level kinetics are verified by our microfluidic experiments, which systematically
investigate the role of each external factor on platelet adhesion in an in vitro setting. We derive quantitative formulas describing
how the rates of platelet adhesion, translocation, and detachment are defined by the molecular-level kinetic constants, the local
platelet concentration near the reactive surface determined by red-blood-cell migration, the platelet effective reactive area due to
its tumbling motion, and the platelet surface receptor density. Furthermore, if any of these aspects involved have abnormalities,
e.g., in a disease condition, our findings also have clinical relevance in predicting the resulting change in the adhesion dynamics,
which is essential to hemostasis and thrombosis.
INTRODUCTION
Understanding the biophysics of platelet adhesion is a long-
standing challenge in the study of hemostasis and throm-
bosis. At the interface of vessel walls and flowing blood,
platelet adhesion involves a complex mechanism including
multiple steps. At the site of vascular injury where the sub-
endothelial layer is exposed to an arterial flow, platelet adhe-
sion is initiated by glycoprotein (GP)Ib receptors on its
surface forming transient bonds with von Willebrand factor
(VWF) immobilized on the subendothelial matrix. This
initial tethering captures single platelets from flowing blood,
slows them, and triggers their activation (1,2). Subsequently,
GPIIbIIIa receptors on the platelet surface react with VWF
and fibrinogen, leading to stable platelet adhesion (3). The
adhesion process proceeds until multiple platelets aggregate
to form clots. In this study, we focus on the initial adhesion
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of single platelets mediated by GPIb and GPIIbIIIa recep-
tors. These two steps together define the rate of platelet
adhesion often reported from experimental studies (4,5) as
well as the rate of platelet detachment from the vessel
wall. Such platelet-level kinetics can be measured in terms
of the number of adhered platelets or the surface coverage
in minute-long experiments (4,5). The rate of platelet adhe-
sion/detachment, however, does not equal the rate of associ-
ation and/or dissociation between a single GPIb or
GPIIbIIIa receptor and a ligand such as VWF because
more than 10,000 copies of GPIb and GPIIbIIIa receptors
are located on the surface of each platelet (6). Single-mole-
cule studies have been frequently used to directly measure
bond-level kinetics (7–9). Remarkably, despite an abun-
dance of experimental data, the relationship between
platelet-level kinetics and bond-level kinetics remains
underexplored and has, to the authors’ knowledge, only
been considered in one specific experimental study esti-
mating the size of a VWF-GPIb encounter complex (7).
The gap in knowledge between these two length scales
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prevents us from gaining a fundamental understanding of
platelet adhesion and, ultimately, the ability to control he-
mostasis and thrombosis.

Despite involving only two types of platelet surface re-
ceptors, the initial platelet adhesion is still a complex pro-
cess influenced by several external factors that present a
major obstacle to any simple linkage of bond- and
platelet-level kinetics. In addition to the obvious factors
such as the number of GPIb and GPIIbIIIa receptors, the
environment in which platelet adhesion occurs, i.e., the ef-
fects of flowing blood at physiological shear rates, must
also be considered. It is well known that platelet adhesion
is a shear-induced phenomenon (10); it occurs much faster
in the presence of shear flow than in quiescent fluid. More-
over, red blood cells are the dominant species in blood by
both number as well as mass and thus play a significant
role in the cross-flow transport of platelets via hydrody-
namic interactions (11–15). In short, red blood cells migrate
away from vessel walls under shear because of their unique
deformable shapes, thus forming a cell-free layer (i.e., the
Fahraeus-Lindqvist layer) near the wall (16). As a result,
platelets, which are much more rigid and dilute, marginate
toward vessel walls and have a near-wall excess concentra-
tion influenced by the hematocrit (the volume fraction of red
blood cells). Note that abnormally low hematocrit may
cause prolonged bleeding times (17) in part because of
reduced platelet margination. On the other hand, an elevated
hematocrit enhances platelet accumulation and thrombus
formation (18). Thus, because of all these interrelated fac-
tors—especially the hydrodynamic effects—it is chal-
lenging to perform controlled variable experiments at the
platelet level in an in vitro environment. Among existing
publications, we have not seen a study systematically inves-
tigating the role of each factor and presenting quantitative
results that can be compared with model predictions.

Existing simulation studies of platelet adhesion
utilize techniques such as the boundary element method
(12,19–21), the immersed boundary method (22), and dissi-
pative particle dynamics (23). In these simulations, platelets
are modeled as rigid oblate spheroids. Because of their
aspherical shapes, near-wall platelets undergo wall-hindered
tumbling motion in shear flow, which is referred to as the
modified Jefferey orbit (19,24). This unique tumbling mo-
tion of platelets influences the contact area between a
platelet and the channel wall, and thus a spherical platelet
model is not sufficient for the study of platelet adhesion
(19,25). In addition to the adhesion kinetics, the deformable
red blood cells are included in these simulations to account
for their influence on platelets (12,23). It is now feasible to
simulate hemostasis from the initial single-platelet adhesion
to the eventual clot formation in a whole-blood suspension.
However, such full-scale blood simulations typically take
weeks to complete, limiting their role in the planning and
interpretation of experiments. Therefore, lower-order
models have also been developed that capture most of the
physics regarding platelet transport across the channel and
can estimate relevant rate constants with reduced computa-
tion time (21). Like experimental studies, a challenge in ex-
isting models is the lack of a fundamental relationship
linking platelet adhesion to the binding kinetics at the mo-
lecular level. The bond-level reaction constants have been
chosen simply to produce platelet-level kinetics that are
comparable to experimental measurements (12,19,21).
Such fitted values, however, have not been compared to
direct measurements at the molecular level, calling into
question the validity of these models.

In this study, we use both experiments and a multiscale
computational model to explore the complex mechanism
of platelet adhesion in microchannel flow. To better charac-
terize the translocation behavior of adhered platelets, our
in vitro microfluidic experiments measure the detachment
rate and the stable adhesion rate of platelets on VWF-coated
surfaces in addition to the rate of adhesion that is commonly
measured. These platelet-level rate constants are predicted
by our model, which includes bond-level kinetics referenced
from single-molecule measurements, hydrodynamic effects
determined from small-scale simulations, and finally, multi-
bond kinetics. We therefore bridge the gap in knowledge be-
tween bond-level and platelet-level kinetics, which is
essential to fundamentally understand hemostasis and
thrombosis. The near-quantitative agreement between
experimental and model results demonstrates that our
coarse-grained approach is a promising alternative to
time-consuming whole-blood simulations. We perform
controlled variable studies to systematically investigate the
roles of shear rate, hematocrit, and GPIb and GPIIbIIIa re-
ceptor densities on platelet adhesion, which unify findings
from previous separate studies. Abnormalities in these
platelet properties or blood-flow characteristics may be
associated with disease conditions, and thus the clinical
relevance of our model is also discussed.
METHODS

Sample preparation

Healthy volunteers were recruited by the Royal College of Surgeons in

Ireland at Beaumont Hospital, Dublin, Ireland. These donors had not taken

any medication known to affect platelet function within the previous

14 days. All donors gave informed consent. Blood was drawn from the an-

tecubital vein through a 19-gauge Sarstedt Safety Needle into an S-Monov-

ette 9NC blood collection tube (Sarstedt, Wexford, Ireland) containing the

anticoagulant solution trisodium citrate dihydrate (final concentration of

0.32%, 1:9 ratio of citrate/blood). Hematocrit and platelet count were

routinely recorded (Sysmex KX21N; Sysmex, Kobe, Japan). All donors

we recruited had hematocrit and platelet counts within the reference range

for healthy individuals.

For experiments with varying hematocrit, a two-step centrifugation was

used to separate red blood cells, platelet-rich plasma (PRP), and platelet-

poor plasma (PPP). Whole blood was first centrifuged at 170 � g for

10 min at room temperature. Red blood cells and PRP were thus separated.

The top 90% of PRP was aspirated into a fresh tube, and platelets were al-

lowed to rest for a minimum of 15 min before use. Subsequently, PPP was
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prepared by centrifugation of PRP at 21,000 � g for 2 min. Assuming PPP

contains no platelets, these three components of blood can be remixed to

vary the hematocrit while keeping platelet concentration constant.

Blood samples were incubated with 1 mM DiOC6 at 37�C for 30 min

before each experimental run. DiOC6 is a green fluorescent, lipophilic

dye that labels platelets (26). When antibodies were used, they were added

at the desired concentration along with DiOC6 in the incubation stage. Af-

ter incubation, all experiments were conducted within 3 h of blood draw.
DPFA

We utilized an existing experimental setup called the Dynamic Platelet

Function Assay (DPFA) for our platelet adhesion experiments (27) as

shown in Fig. 1. This device primarily consists of a custom-made microflui-

dic chamber (Fig. 1 b). It is a rectangular channel 30 mm long (Lx), 2 mm

wide (Ly), and 50 mm high (Lz). The channel height (Lz) is comparable to the

diameter of human arterioles. The interior coverslip surface of the chamber

was coated with a monolayer of VWF (100 mg/mL, Haemate-P; CSL-Behr-

ing, Marburg, Germany) overnight at 4�C. The channel walls can thus be

treated as a homogeneous surface (28). Before each experimental run, the

channel was washed with phosphate-buffered saline, blocked with 1%

bovine serum albumin for 1 h at room temperature, and rinsed again in

phosphate-buffered saline.

During each experimental run, the blood sample was drawn through

biocompatible platinum-cured silicone tubing (Nalgene, 0.0625 in internal

diameter; Thermo Fisher Scientific, Hvidovre, Denmark) and perfused

through the VWF-coated flow chamber using a NEMESYS syringe pump

(Cetoni, Korbussen, Germany). The pump controls the flow rate

ðQ ¼ huiLyLzÞ ranging from 25 to 100 mL/min, corresponding to a charac-

teristic shear rate _gC ¼ ð6hui=LzÞ of 500 to 2000 s�1 and matching the

range of arteriole shear rates. This characteristic shear rate is the wall shear
FIGURE 1 Schematic of the DPFA (27) showing (a) setup of the flow

chamber and (b) microfluidic chip design.

1138 Biophysical Journal 116, 1136–1151, March 19, 2019
rate for parabolic flow and is lower than the actual wall shear rate because of

the presence of red blood cells (29). At 30% hematocrit and a characteristic

shear rate of 2000 s�1, we estimate from whole-blood simulations that the

actual wall shear rate is 2800 s�1, with the difference being smaller than

those reported in smaller channels (11).

Images were captured using a vacuum-cooled (�80�C) digital electron
multiplying-CCD camera (iXON EMþ; Andor Technology, Belfast,

Ireland) connected to MetaMorph software (version 7.7; Molecular De-

vices, Wokingham, UK) and illuminated with an Osram 103-W mercury

light source and a fluorescein isothiocyanate filter set providing excita-

tion and emission at 490 and 528 nm, respectively (Chroma Technology,

Rockingham, VT). Images were acquired in the x-y plane at z ¼ 0 (chan-

nel bottom) at 19 frames/s for 500 frames using a 63� objective (500 �
500 pixels, 185 � 185 mm) field of view for visualization of platelet in-

teractions with VWF in real time. A sample image is shown in Fig. 2,

and a sample video is provided in the Supporting Material (Video S1).

Because of the high wall shear rate (>500 s�1), only adhered platelets,

i.e., those forming at least one GPIb-VWF bond, were captured by

the camera. Because images were taken at the bottom wall, red blood

cells were out of focus and were not captured. White blood cells rarely

appeared in the imaging window and were excluded in the image

analysis.
Controlled variables

Similar to previous experiments (27,28), the standard operating

condition used in our experiments was 1500 s�1 characteristic shear rate

(75 mL/min) with untreated whole blood. This control case matches the

physiological flow conditions in arterioles (30). To investigate the effects

of platelet and flow properties on adhesion kinetics, we selected the

following four independent variables and performed controlled variable

studies with each experiment repeated three times per donor.

AK2 dosage

The monoclonal antibody AK2 binds to the platelet GPIb receptor and in-

hibits platelets binding to VWF (31). In our experiments, we varied AK2

dosage below the saturating dose determined by light transmission platelet
FIGURE 2 Sample image showing platelets that adhere to VWF tethered

to the bottom wall. Image was taken at the end of the experiment, represent-

ing the highest surface density of platelets.
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aggregation (N ¼ 5 donors) to control the degree of inhibition (32), thus

reducing GPIb receptor density on platelet surfaces.

Hematocrit

To confirm the role of red-blood-cell migration on platelet adhesion, we

varied the hematocrit between 20 and 35% (N ¼ 7).

Shear rate

We varied the characteristic shear rate ranging from 500 to 2000 s�1 by

changing the flow rate Q (N ¼ 7).

ReoPro

Similar to the role of AK2, ReoPro inhibits GPIIbIIIa-VWF binding (33).

We used ReoPro at sub-saturation dosages determined by light transmis-

sion platelet aggregation to specifically reduce GPIIbIIIa receptor density

(N ¼ 5).
FIGURE 3 Sample platelet tracks obtained from one experimental run at

standard operating conditions. Only 20% of the total number of platelet

tracks (randomly selected and colored) are shown. Colored sample tracks

for other operating conditions can be found in Fig. S1.
Reaction pathways

Based on our experimental setup and flow conditions, we consider the

following reactions as the dominant platelet adhesion mechanisms:

GPIbþ VWF5
kon

koff
GPIb� VWF (1)

and

GPIIbIIIaþ VWF0
kon;2

GPIIbIIIa � VWF: (2)

In addition to the reactions shown in Eqs. 1 and 2, platelet adhesion can

also occur through alternative pathways that are not included in our analysis

as well as our model. In this section, we briefly discuss how these possibil-

ities are less likely in our experiments and do not significantly influence our

results.

First of all, we ignore the small amount of freely flowing VWF present in

the blood sample. Under abnormal circumstances, these VWFs can react

with flowing platelets and form aggregates without any wall interactions.

Our microscope can only focus on the near-wall region (z � 0), and any

blood clots in flowing blood are unlikely to be visualized. Nevertheless,

by creating a monolayer of VWF on the channel walls, the concentration

contrast between wall-bound VWF and freely flowing VWF is magnified

greatly.

If GPIIbIIIa is triggered before GPIb-VWF binding, platelet adhesion

can occur directly through GPIIbIIIa-VWF interactions (Eq. 2) and bypass

GPIb-VWF interactions (Eq. 1). We tested this possibility in experiments at

high AK2 concentrations (>2.5 mg/mL) such that GPIb-VWF interactions

are completely inhibited. The amount of adhered platelets was less than 5%

of that in control cases.

GPIIbIIIa-VWF interaction is considered irreversible in our analysis

(Eq. 2) because of its long lifetime compared to the duration of our experi-

ments (<30 s). This assumption is supported by the results of ReoPro exper-

iments to be discussed later. We found that the rate of platelet detachment

(Koff) does not change significantly with ReoPro dosage. Therefore, the

detachment of platelets is dominated by breaking GPIb-VWF bonds.

In all platelet adhesion experiments, extra care was taken to prevent

platelet activation because activated platelets undergo a conformational

change, and the resulting shapes are difficult to model. In addition, platelet

activation triggers platelet aggregation, which is beyond the scope of this

study at the single-platelet level. Platelet activation levels before perfusion

were less than 5% as quantified by p-selectin expression levels (see Sup-

porting Materials and Methods for the flow cytometry method). The addi-

tion of AK2 or ReoPro did not induce platelet activation either. During
our experiments, platelets remained discoidal with no obvious change in

shape, and thus we assume neither GPIb-VWF nor GPIIbIIIa-VWF interac-

tions are affected by platelet preactivation within our system.

Finally, we assume GPIb and GPIIb receptors are distributed homoge-

neously on platelet surfaces. We further assume that AK2 and ReoPro

reduce receptor densities in a uniform fashion. Recent studies reveal that

GPIb receptors undergo shear-induced clustering (34), which contradicts

this assumption of homogeneity. The clustering effect could be another

mechanism for shear-enhanced platelet adhesion and is not considered in

our model and analysis.
Data analysis

The stack of images from each experimental run was analyzed in MATLAB

(The MathWorks, Natick, MA) using an existing algorithm (35) to extract

useful information about platelet motion. The trajectories (flow direction,

x vs. t) of individual adhered platelets are shown in Fig. 3. After initial adhe-

sion, platelets continue to move along the flow direction in a stop-go mo-

tion, i.e., translocation. Some platelets slow down and become stationary,

whereas others eventually detach from the VWF-coated surface.

We denote the instantaneous number of adhered platelets in the viewing

window as Nplatelet, which can be further characterized as transiently

adhered platelets Nplatelet,1 and stably adhered platelets Nplatelet,2 depending

on whether they eventually detach from the surface. We denote the cumu-

lative number of adhered platelets at a particular time, i.e., the total number

of platelet tracks that have appeared in the video so far, as Ntrack. Platelet

tracks obtained from image analysis contain not only actual platelet tracks

that first appear inside the viewing window but also extra tracks because of

platelets rolling into the viewing window. By assuming a homogeneous dis-

tribution of adhered platelets in the vicinity of the small viewing area,

Nplatelet does not need to be corrected. However, Ntrack is corrected by a fac-

tor u. We consider a square area equaling one-fourth of the area of the

viewing window located at the center and calculate the fraction of platelets

rolling into this small square among all tracks in this area. We use this ratio

to estimate u. Because of the slow translocating speed of platelets, we do

not consider the possibility of platelets rolling into the viewing window

and eventually rolling out of the viewing window.

The process of platelet adhesion involves reversible and irreversible re-

actions which are approximated in previous computational models

(21,25). Based on these studies, we use the following differential model
Biophysical Journal 116, 1136–1151, March 19, 2019 1139
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to estimate the rate constants at the platelet level from experimental mea-

surements of Ntrack and Nplatelet:

dNtrack

dt
¼ KonN0; (3)

dNplatelet;1
dt
¼ KonN0 � Koff Nplatelet;1 � Kon;2Nplatelet;1; (4)

dNplatelet;2
FIGURE 4 Number of platelets (Nplatelet, lower) in the image viewing

window and number of total platelet tracks (Ntrack, upper) versus t, with

fitted lines according to Eqs. 7, 8, 9, and 10.
dt
¼ Kon;2Nplatelet;1; (5)

and

dNplatelet

dt
¼ dNplatelet;1

dt
þ dNplatelet;2

dt
: (6)

Kon is commonly referred to as the adhesion rate and is by convention

defined with respect to the bulk platelet concentration. N0 is set to the prod-

uct of the measured bulk platelet concentration (�150,000–450,000/mL)

and the controlled volume (30 mm � 2 mm � 25 mm). Koff is the detach-

ment rate or the inverse of the translocation lifetime. Kon,2 is the rate of sta-

ble adhesion due to the irreversible GPIIbIIIa-VWF binding.

The integration of Eqs. 3, 4, 5, and 6 results in unknown constants that

can be set using proper initial conditions. Because of the experimental

setup, there always exists a time lagDt such thatNplatelet> 0 at t¼ 0. There-

fore, we use the conditions Ntrack ¼ Nplatelet,1 ¼ Nplatelet,2 ¼ Nplatelet ¼ 0 at

t ¼ �Dt to obtain the integrated rate equations as follows:

Ntrack ¼ KonN0ðt þ DtÞ; (7)

KonN0 KonN0 �ðKoffþKon;2ÞðtþDtÞ
Nplatelet;1 ¼
Koff þ Kon;2

�
Koff þ Kon;2

e ;

(8)

KonN0Kon;2ðt þ DtÞ

Nplatelet;2 ¼

Koff þ Kon;2

þ KonN0Kon;2

Koff þ Kon;2

e�ðKoffþKon;2ÞðtþDtÞ

� KonN0Kon;2�
Koff þ Kon;2

�2; (9)

and

Nplatelet ¼ Nplatelet;1 þ Nplatelet;2

¼ KonN0Koff ðt þ DtÞ
Koff þ Kon;2

� KonN0Koff

Koff þ Kon;2

e�ðKoffþKon;2ÞðtþDtÞ

þ KonN0Koff�
Koff þ Kon;2

�2:
(10)

These integrated equations can then be used to fit experimental data as

shown in Fig. 4 using MATLAB (The MathWorks). Equation 7 is first

used to fit Ntrack versus t data and calculate Kon and Dt. To ensure a linear

growth of Ntrack due to single-platelet adhesion, we use first 200 frames of

images for this first step of fitting. Equation 10 is then used to fit Nplatelet
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versu t up to 500 frames and calculate Koff and Kon,2. The three macroscopic

rate constants Kon, Koff, and Kon,2 can therefore be determined uniquely.
Mathematical modeling

Governing equation

Based on our previous studies (13,14), the number density of platelets nP in

flowing blood can be written as a function of z and t in the following form

because of the combined effects of hydrodynamic fluxes FCP and FPP and

near-wall adhesion reactions R:

�vFCP

vz
þ vFPP

vz
� R ¼ vnP

vt
: (11)

The hydrodynamic fluxes FCP and FPP are written in Boltzmann-like

form to account for binary shear-induced hydrodynamic collisions between

a red blood cell and a platelet (FCP) or two platelets (FPP) in Eqs. 12a and

12b (13,14):

FPP ¼
Z

dz

Z

dy

Z DPP

0

nPðz� bÞnPðz� b� dzÞdu db ddy ddz;

(12a)

Z Z Z DCP
FCP ¼
dz dy

0

nPðz� bÞnCðz� b� dzÞdu db ddy ddz:

(12b)

To account for platelet adhesion onto channel walls (R), we define the

number densities of transiently adhered nP,s1 and stably adhered platelets

nP,s2. We assume that the difference between nP,s1 (measured as Nplatelet,1)

and nP,s2 (measured as Nplatelet,2) is dependent upon the creation of irrevers-

ible GPIIbIIIa-VWF bonds. The summation of these two quantities yields

the concentration of adhered platelets nP,s. Note that nP,s1, nP,s2, and nP,s
are surface concentrations instead of volume concentrations defined for

nP and nC (red blood cell). The rate equations linking platelets in flowing

blood to platelets adhered to channel walls can thus be written as
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Z L

0

Rdz ¼ vnP;s
vt

¼ vnP;s1
vt

þ vnP;s2
vt

; (13)

xðzÞ

RðzÞ ¼ akonðzÞAaðzÞnPðzÞ � koff

Lz

nP;s1; (14)

and

vnP;s1
vt

¼
Z L

0

Rdz� b~kon;2~AbnP;s1: (15)

Our goal is to solve nP(z, t), nP,s1(t), and nP,s2(t). In our previous

studies (13,14), we considered the case of no adhesion reactions (R ¼ 0,

nP,s1(t) ¼ 0, nP,s2(t) ¼ 0). The red-blood-cell concentration nC was deter-

mined based on the balance between shear-induced diffusion due to two

cell interactions similar to Eq. 12a and a hydrodynamic lift due to red blood

cells’ deformability. We determined these hydrodynamic contributions

from small-scale simulations using the boundary integral method (11).

Our coarse-grained model is therefore more computationally efficient

than full-scale simulations, as we have discussed elsewhere (13). The re-

sulting concentration distributions of red blood cells nC and platelets nP
have been verified with whole-blood simulations and show nonmonotonic

variation with the cross-flow position z, mainly due to the complex shapes

of red blood cells in pressure-driven flow. The decoupling of red-blood-cell

migration from platelet motion enables us to quickly evaluate the influence

of platelet properties on adhesion dynamics without repeating the calcula-

tion for red blood cells. In this study, the model inputs in Eqs. 12a and 12b

corresponding to hydrodynamic contributions are set to values determined

in our previous studies (13,14). The red-blood-cell concentration distribu-

tion nC(z) is set to its steady-state value at a given hematocrit (Fig. 5).

We assume platelets are fully marginated before adhesion and nP at t ¼ 0

is thus set to its steady-state value at a given hematocrit when R ¼ 0

(13). nP,s1 and nP,s2 are set to 0 at t ¼ 0.

In addition to the hydrodynamic contributions defined above, various

quantities in Eqs. 13, 14, and 15 are related to GPIb-VWF and GPIIb-

VWF binding kinetics and will be explained in Binding Model. We use a

finite volume scheme to solve Eq. 11, and the numerical method is similar

to our previous time-dependent study on platelet margination (14).
FIGURE 5 Red-blood-cell concentration profile and cell-free layer thick-

nesses at varying hematocrits, _gC ¼ 1500 s�1.
Binding model

A summary of key variables that appeared in Eqs. 13, 14, and 15 is provided

in Table 1. Their values are chosen to match the corresponding average

values for healthy platelets. As mentioned before, the units of nP,s and nP
differ by one length scale. Because only platelets within the proximity of

top and bottom channelwalls are able to interact withVWF,we impose a cut-

off distance L for platelet adhesion. It is defined with respect to the platelet’s

center ofmass and equals the platelet radiusaP plus l, which is the cutoff bond

formation distance. The size of VWF is O(100 nm) and is much bigger than

the sizes of GPIb and GPIIbIIIa receptors (�7 nm). Therefore, we approxi-

mate l using the VWF size. It is well known that VWF undergoes a confor-

mational change from a globular form to an extended form under flow shear

(9,36). The shape change has been well characterized for freely flowing

VWF for a wide range of flow rates and hematocrit conditions (36), but little

information is known for tethered VWF, which is expected to elongate more

easily (37). According to the measurement by Siedlecki et al. for tethered

VWF (38), l is estimated to be 373 nm at a shear rate of 3300 s�1 and reduces

to 149 nm in a globular form in a quiescent fluid. Based on the limited infor-

mation available, we assume l ¼ 149þ 0:068 _gc (nm), where _gc is the

dimensional characteristic shear rate (s�1). This linear correlation is a crude

approximation, and mechanisms such as the internal association are not ac-

counted for (36). For the control case of 1500 s�1, l is calculated to be 251nm,

which is between previous estimates of 200 nm (21) and 280 nm (12) used in

similar computational models and agrees with experimental estimates of

�150–400 nm (37). The resulting L is 1.7 mm, which is smaller than the

cell-free layer thickness (>3.6 mm).

a and b are the numbers of GPIb and GPIIbIIIa receptors per platelet and

are assumed to be homogenously distributed. Unless noted otherwise, a is

set to 25,000 (6) and b is chosen to be 50,000 (39). kon is the binding

rate between a single GPIb and VWF. kon versus loading force F has

been measured using an optical tweezer by Kim et al. (7). They

extrapolated the following correlation (lower loading, state 1): konðFÞ ¼
k0RLon ½1þ ð0:5FsRLon =DGRL

on Þ�eðDG
RL
on =kBTÞ½1�½1þðð0:5FsRLon Þ2=DGRL

on Þ��. The loading

force can be related to the extension of VWF (40). At maximal bond forma-

tion distance l, the force experienced by the VWF before binding is esti-

mated to be 8.6 pN at 1500 s�1, assuming 12 VWF monomer units. The

exact conformation of wall-tethered VWF in our experiments under appro-

priate flow conditions is unknown. If we assume that the bond length, i.e.,

the VWF size, is equal to the distance (z) between a point on the platelet

surface and the channel wall, kon is a function of z, and we refer to this

as the first binding scenario. Alternatively, we can assume that the bond

length always equals l at a given shear rate and is thus independent of z.

We refer to this as the second binding scenario. Because kon decreases

with the elongation force and thus the bond length, the minimal value of

kon is obtained at the maximal bond length l, and therefore the first scenario

always has a higher binding rate. We will present results for both binding

scenarios. Our calculated kon values based on experimental measurement

are �0.01/s and are smaller than those used in previous computational

models (21). We will discuss the consequences of using different

binding models and values for kinetic constants in our discussion in Effects

of AK2, Hematocrit, Shear Rate, and ReoPro on Adhesion Rate Constants

and Sensitivity Analysis.
TABLE 1 Summary of Variables in the Binding Model

Variables Description Method

L reactive distance literature (38)

a, b receptor density literature (6,39)

kon;koff ;~kon;2 molecular-level kinetic

constants

literature (7,12,42)

Aa; ~Ab reactive area fraction BEM simulations

x height distribution of adhered

platelets

BEM simulations

BEM, boundary element method.
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The rate koff for platelets detaching from VWF-tethered surfaces in

Eq. 14 is not to be confused with the dissociation rate of GPIb-VWF bonds

koff. In fact, koff depends on the competition between forming new bonds

(kon) and breaking existing bonds (koff). In the limit of abundant VWF

bonds, the detachment rate koff can be approximated analytically (41):

pnðtÞ ¼ <na>na

na!
expð�<na > Þ (16)

and

<na > ¼ aAakon
koff

�
1� exp

��koff t
��
: (17)

In the expressions above, na is the number of GPIb-VWF bonds and pn(t)

is the probability of having na bonds at time t. The probability of detach-

ment within time t thus corresponds to p0(t). We refer to single-molecule

measurement of bond dissociation rate koff (42), which first shows a

decrease with tensile force F (<20 pN) and then increases with F (catch-

slip-bond behavior). Other experimental studies report slip-bond or flex-

bond (two slip-bond states) behaviors of GPIb-VWF binding (7). In our

simulations as well as in previous studies (21), the loading force on a

GPIb-VWF bond exceeds 20 pN as a result of balancing the hydrodynamic

drag on a platelet. This loading force is much greater than the force expe-

rienced by an unbound VWF. In this high loading regime, it is agreed

among various studies that koff decreases with F (slip bond). koff is estimated

to be O(1 s�1), consistent with values used in previous models (21). Both

kon and koff in Eq. 17 are functions of z. Therefore, we also need to estimate

a height z at which the platelet reenters the flow. This height cannot be a

single value, which may cause numerical instability. From simulations of

adhered platelets, we approximate a normal distribution x(z) for the height

with an average koff. Molecular-level measurement of GPIIbIIIa-VWF bind-

ing is limited (43). Because of the lack of data suitable for our model, we

assume kon,2 ¼ 0.01kon based on previous modeling studies (12). For

simplicity, we estimate an average rate of GPIIbIIIa-VWF binding ~kon;2
based on boundary integral simulations.

Aa(z) is the area fraction of a platelet in flowing blood that is within the

reactive distance l whose center of mass is at height z. This quantity is

related to the very first GPIb-VWF binding event and thus results in platelet

(transient) adhesion. We determine Aa from boundary integral simulations

detailed in Model Inputs: Boundary Integral Simulations. Once the platelet

is adhered, the average platelet effective reactive area increases, and we

again estimate an average effective area fraction ~Ab from boundary integral

simulations. This quantity describes the configuration of transiently

adhered platelets and is relevant for the first GPIIbIIIa-VWF binding event

that leads to stable platelet adhesion.

With all kinetic constants determined, we can write down the expressions

for Kon, Koff, and Kon,2 using model parameters as follows:

Kon ¼
R L

0
akonðzÞAaðzÞnPðzÞdzR Lz
0
nPðt ¼ 0Þ=Lzdz

; (18)

Z L xðzÞ
FIGURE 6 Snapshot of simulating freely flowing platelets inside

the cell-free layer. Only the near-wall region is shown; Ht ¼ 30%,

Ca ¼ 0.75 ( _gC ¼ 1500 s�1).
Koff ¼
0

koff
Lz

dz; (19)

and

Kon;2 ¼ b~k
2

on
~Ab: (20)

These platelet-level rate constants can therefore be compared with those

obtained from experimental measurements for verification. According to

our model, Koff and Kon,2 are independent of time and can be readily calcu-
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lated based on boundary integral simulations. Kon is a time-dependent var-

iable based on the concentration of platelets in flowing blood nP, which

changes with time because of adhesion reactions.

Model inputs: Boundary integral simulations

To understand the dynamics of platelets in flowing blood, we performed

simulations of red blood cells and platelets in channel flow which match

experimental flow conditions as shown in Fig. 6. Our simulation method

is adopted from existing studies (11,12). All key parameters used in our

simulations are summarized in Table 2. The deformability of red blood

cells is modeled using the Skalak law (44). Platelets are modeled as rigid

oblate spheroids with a 1:4 aspect ratio. Therefore, we fully account for

the presence of red blood cells instead of making approximations (21) or

completely ignore them (19). Because of the low concentration of platelets,

the size of the computation domain needed to contain enough platelets for

statistical significance is large. In addition, the slow rate of reactions makes

it difficult to simulate the entire process of a single-platelet adhesion within

reasonable computation time. These challenges make it necessary for us to

wisely choose our simulation setup to extract useful information that can be

used in our model.

We assume that at a volume fraction exceeding its actual value

(fP ¼ 2%), platelets are still dilute enough such that they do not interact

with each other once adhered. Therefore, we can increase the density of

platelets in our simulations for computational efficiency. A simulation

video is provided in the Supporting Material (Video S2). We perform two

sets of simulations to obtain model inputs Aa(z), ~Ab, and x, with the channel

height matching a 50 micron channel (Lz) used in our experiments. We set

the hematocrit to 30%, and red blood cells are assumed to be fully migrated.

In the first set of simulations, we are interested in freely flowing platelets

before forming any GPIb-VWF bonds as shown in Fig. 6. The center-of-

mass positions of platelets are chosen randomly between aP/4 (short axis

of the platelet) and L. The orientation angles of platelets are chosen

randomly as well. At each time step, we record the center-of-mass z of

each platelet and its corresponding effective area Aa within the bond dis-

tance l. Each simulation lasts for at least 400 dimensionless time and is

repeated until the Aa vs. z correlation converges (Fig. 7 a). Because l de-

pends on the shear rate, i.e., capillary number when ES is constant for

healthy red blood cells, we performed simulations at various shear rates.

Results obtained from our simulations are shown in Fig. 7. We observe

the tumbling motion of platelets near the wall (24). Aa is maximal when

the platelet’s center of mass is 1.5 mm from thewall, which is slightly bigger

than the platelet radius (1.4 mm). The location of this maximal peak agrees



TABLE 2 Key Parameters Used in Simulations for RBCs

and PLTs

Parameter

Scaled

Units

Physical

Units Description

a 1 2.82 mm RBC equivalent

radius

aP 0.5 1.41 mm PLT radius

Lx 32 90.24 mm

Ly 9 25.38 mm

Lz 17.73 50 mm

m 1 1.2 cP plasma viscosity

_gC 1 �500–2000 s�1

ES 2000/ _gC 6.8 mN/m RBC shear modulus

ED 100 m _gCa RBC dilatational

modulus

EB 3.3 � 10�3a2ES RBC bending

modulus

n 0.65 RBC reduced

volume

l 1 RBC viscosity ratio

Ca �0.25–1 capillary number

Ca ¼ ðm _gca=EsÞ
PLT, platelet; RBC, red blood cell.

FIGURE 7 Results from simulations of freely flowing platelets. (a)

Average Aa vs. z at various shear rates, corresponding to different cutoff

bond formation distance l, is shown. (b) The product of Aa and fP as a func-

tion of z— fP ¼ 0.5%, Ca ¼ 0.75 (1500 s�1)—is shown.
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with previous observations that platelets undergo modified Jefferey orbit

motion when located at least 1.2 radii away from the wall (45). Similar

to ‘‘Jefferey orbits’’ in unbound simple shear flow, the tumbling motion

also depends on the shear rate. This change in tumbling frequency (45),

along with the increase in l, contributes to the increase of Aa with the shear

rate. As the platelet gets closer to the wall, its tumbling motion is hindered

and Aa decreases. When the wall distance drops below 1.2 mm, tumbling

motion is completely suppressed, and the platelet undergoes wobbling mo-

tion with its two long axes (radii) almost parallel to the wall. Aa thus in-

creases again. The product of Aa and fP (Fig. 7 b) is proportional

to the rate of adhesion at position z. Even though Aa is very high when

z < 1.2 mm, the concentration of platelets is very low in this region, and

so is the product of these two quantities.

In the second set of simulations, we study transiently adhered platelets

and investigate their dynamics before either detachment or the formation

of GPIIbIIIa-VWF bonds for stable adhesion as shown in Fig. 8. GPIb-

VWF bonds are modeled as Hookean springs with a spring constant of

10 pN/nm (19). The equilibrium length is 149 nm (38). The kinetic con-

stants kon and koff are specified as in Binding Model. Platelets are initialized

with configurations similar to the freely flowing case, with the addition of

one GPIb bond chosen at a random position on platelet surface within l. At

each time step, in addition to Aa and z, we also record na as the number of

GPIb-VWF bonds and la as the average GPIb-VWF bond length for every

platelet.

Based on our observations, once platelets are adhered, i.e., na > 0, the

bond spring force increases to balance the drag force on the platelet and

slows the flowing platelet (Fig. 9). As a result, adhered platelets not only

are pulled closer to the wall but also orient such that their two long axes

align with the flow direction. Aa thus triples even when only one bond is

formed. The increase of the reactive area upon initial adhesion has not

been discussed in previous literature and is important for accelerating

subsequent binding reactions. This increase of Aa and the decrease of

the center-of-mass distance to the wall (z) saturate as multiple bonds

are formed (na > 6). At this time, platelets lose their freedom to move

and become less sensitive to the breakup and formation of a single

bond. Because the wall shear rate influences the fluid drag experienced

by adhered platelets, it also plays a role in the dynamics of adhered

platelets.

Platelet detachment is related to the na ¼ 1 stage. Therefore, we approx-

imate koff and x(z) based on the configuration of platelets with na ¼ 1 from
our simulations. The formation of GPIIbIIIa-VWF bonds may occur at

various na values. The average area and height z for GPIIbIIIa-VWF

binding ~Ab is estimated as the average of Aa for an attached platelet over

na ¼ 1,2,.6 GPIb-VWF bonds. This crude estimate can potentially be re-

placed with better approximations using more advanced techniques. How-

ever, because of the lack of accurate determination of kon,2 (Binding

Model), we are limited in the overall estimation of Kon,2 and we choose

to continue with this simple approximation.
RESULTS AND DISCUSSION

Experiments: Platelet translocation dynamics

As shown in Fig. 3, transiently adhered platelets undergo
stop-go motion along the flow direction, commonly referred
to as platelet translocation (20). In our rate equation (Eq. 4),
we estimate Koff assuming that the process of platelet
detachment is exponential in nature. We verified this
assumption by plotting the histogram of platelet transloca-
tion lifetime as shown in Fig. 10 a, which indeed follows
an exponential distribution. The rate constant fitted from
this exponential distribution Koff, i.e., the inverse of translo-
cation lifetime, is equivalent to Koff fitted from Eq. 10. In
addition to translocation lifetime, previous studies reported
Biophysical Journal 116, 1136–1151, March 19, 2019 1143



FIGURE 8 Snapshot of simulating transiently adhered platelets. Only

platelets and GPIb-VWF bonds are shown; Ht ¼ 30%.

FIGURE 10 Sample distributions from one experimental run showing (a)

translocation lifetime at 19 frames/s and (b) translocation distance (pixel).

Qi et al.
that the translocation distance also follows an exponential
distribution (21). We plot our experimental results in
Fig. 10 b, which shows a near-exponential distribution.

The discussion above justifies using Eqs. 7, 8, 9, and 10
to approximate the rate constants for single-platelet adhe-
sion. As shown in Fig. 4, although Ntrack grows linearly
with time, the increase of Nplatelet slows until the number
of transiently adhered platelets reaches a steady-state bal-
ance with the number of platelets in the flowing blood
available for binding. For control cases at standard oper-
ating conditions (N ¼ 13), we calculated Kon, Koff,
and Kon,2 to be 0.07 5 0.02, 0.16 5 0.03, and 0.48 5
0.08 s�1, respectively. These constants are small compared
to the characteristic shear rate (1500 s�1) and the frame
rate (19 s�1). Although we cannot probe transient adhesion
and detachment events lasting shorter than 0.05 s, we as-
sume the resolution of our camera is high enough for us
to calculate accurate rate constants.
FIGURE 9 Effect of GPIb-VWF bond count on the effective reactive

area (black) and the center-of-mass distance (gray); na ¼ 0 values are ob-

tained from simulations of freely flowing platelets as shown in Fig. 7.
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Model: Evolution of platelet margination profile
due to adhesion

The concentration distribution of platelets in flowing blood
at 30% hematocrit, solved according to Eq. 11, is shown in
Fig. 11. The distribution of platelets in the cross-flow direc-
tion is governed by pairwise interactions between a red
blood cell and a platelet in the cell-laden region and near-
wall reactions between platelets and the tethered VWF. In
addition, a weak platelet-platelet interaction exists inside
the cell-free layer. As mentioned before, the concentration
distribution of red blood cells differs from that of rigid par-
ticles and has unique nonmonotonic characteristics defined
by the deformable cell membrane. Therefore, the concentra-
tion distribution of platelets also has a complex shape and
cannot be approximated in any available analytical form
to our knowledge. As binding reactions proceed, near-wall
platelet concentration decreases. Platelets away from the
wall, especially those near the edge of the cell-free layer,
move toward the wall to replenish the reactive region. In
our experimental setup, the inlet is always supplied by



FIGURE 11 Model prediction of the temporal evolution of platelet con-

centration at 30% hematocrit after the induction of platelet-VWF binding at

t ¼ 0. Based on the average velocity in the flow direction of marginated

platelets, the elapse of 1 s corresponds to 0.5 cm downstream in the exper-

iments,Ca¼ 0.75 (1500 s�1). The concentration profile at the inlet is equiv-

alent to the black solid curve (t ¼ 0). The distance downstream

corresponding to each time point is listed in the parenthesis.

TABLE 3 Comparison of the Platelet-Level Rate Constants

between Experimental Measurements and the Multiscale Model

for the Control Case

Variables

Experiment

(s�1)

Model 1

(Variable kon) (s
�1)

Model 2

(Constant kon) (s
�1)

Kon 0.07 5 0.02 0.07 0.039

Koff 0.16 5 0.03 0.071 0.083

Kon,2 0.48 5 0.08 0.2 0.71

Error bars represent SD due to variation among several donors (N ¼ 13).
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marginated platelets, and therefore the concentration profile
remains fixed. Because of platelet adhesion, we expect the
concentration profile to vary with the distance downstream.
The difference between temporal variation and axial varia-
tion has been reconciled in our previous study (14), and
the temporal evolution we predict with our model can be
used to estimate the variation in the flow direction in exper-
iments using the average platelet velocity in the flow direc-
tion uP. At 30% hematocrit and 1500 s�1 characteristic shear
rate, the elapse time of 5 s in our model corresponds to
2.4 cm downstream and results in a 50% reduction in the
concentration of freely flowing platelets compared to the
inlet. However, the viewing window is 185 mm wide (x) in
our experiments, and therefore the platelet concentration
in flowing blood decreases by only 5% and drainage is
not a concern. The corresponding Damköhler number
Da ¼ ðKon=uPxÞ is O(0.1). For a similar experimental setup,
Fitzgibbon et al. (21) estimated the rate of platelets entering
the cell-free layer at 20% hematocrit to be 0.2 s, which is
greater than the rate of platelet adhesion and also suggests
that the platelet adhesion is reaction limited. Because of
the slow reaction rate compared to the flow rate and the
platelet replenishment rate in the near-wall region, our gov-
erning equation for freely flowing platelets (11), which does
not include axial variation, remains valid for our experi-
mental setup. Because Kon depends on nP, which does not
vary significantly during the experiment, we do not observe
any axial variation in the adhesion kinetics.

The comparison of rate constants between the multiscale
model and experimental measurements for the control case
is shown in Table 3. These values we measured agree with
previous estimations (21,46). Because the hydrodynamic ef-
fects determining nP contain no fitting parameters and the
binding model relies on literature values and various as-
sumptions, we consider the agreement, for which the model
predictions are less than twofold of the experimental values,
to be good, especially for the estimation of Kon. In a previous
model estimating the adhesion kinetics in the absence of
flow (7), the model prediction is more than threefold the
experimental measurement. In the constant kon model, kon
is set to the smallest value, obtained at the maximal bond
formation distance. Kon is always lower than the variable
kon case (model 1). Koff, as a result of the competition be-
tween kon and koff, is therefore higher for model 2. Once
adhered, platelets are pulled closer to the wall in model 2
because of longer bond formation distance. Kon,2 depends
on the configuration of adhered platelets and is thus higher
in model 2.

We now move on to investigate the effects of platelet
properties and flow properties using controlled variable
studies (Controlled Variables). Because of the variation in
rate constants measured among multiple donors, we will
normalize all rate constants by those for control cases for
each donor to demonstrate the effects of independent vari-
ables and compare our experimental results with model
predictions.
Effects of AK2, hematocrit, shear rate, and
ReoPro on adhesion rate constants

In our experiments, the effect of AK2 on platelet adhesion is
demonstrated in Figs. 12 and S1 a. Compared to the control
case, we observed a significant reduction in the number of
adhered platelets and an increase in translocation velocity.
The rate constants from our model and experiments are
summarized in Fig. 12. In accordance with our experimental
observations, the measured value of Kon decreases with AK2
concentration in a nearly linear manner. In our model, we
consider the effect of AK2 as reducing a, which causes a
change in the simulations of adhered platelets. We do not
know a priori the percentage of reduction in GPIb receptor
densities due to drug inhibition at a given dosage. Therefore,
we estimate the percentage of reduction in GPIb receptor
density a at a given AK2 dosage based on the experimental
measurement of Kon as shown in Fig. 12 a, and we use this
correlation in our model for the estimation of Koff and Kon,2.
The reduced a-value is still large enough that Eqs. 16 and 17
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FIGURE 12 The effect of AK2 dosage on Kon (a),

Koff (b), and Kon,2 (c). N ¼ 5 donors, repeated three

times per donor. Error bars represent SD.
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are valid. In addition, Koff increases with AK2 dosage. As
platelets are transiently adhered, they are less likely to
form subsequent bonds because of the reduction in a. This
reduction in the bond formation rate is related to platelet
detachment according to Eq. 17. In our experiments, Kon,2

does not show a significant change, consistent with no
visible differences for stably adhered platelets. Our model
predicts a weak decrease of Kon,2 because the configuration
of adhered platelets with fewer GPIb receptor binding sites
is less favorable for slowing down platelets for stable adhe-
sion, i.e., the platelets are less ‘‘sticky.’’ Our findings can
thus help to understand the mechanism of Bernard Soulier
syndrome, which is a bleeding disorder due to a deficiency
in the number of GPIb receptors (47).

Similar to the case of AK2, we also observed a reduction
in the number of adhered platelets when hematocrit is
reduced in our experiments (Fig. 13; Fig. S1 b). In our
model, the hematocrit influences cell-platelet collisions
(FCP) and the initial platelet concentration distribution
nP(t ¼ 0) in Eq. 11. Unlike the AK2 case, however, we
did not observe any significant changes in Koff or Kon,2,
which is consistent between experiments and our model.
If we examine individual platelet tracks (Fig. S1 b), they
look similar to those under standard operating conditions
(Fig. 3). This confirms the role of red blood cells on influ-
encing the near-wall concentration of platelets but not
directly on platelet adhesion. In our model, an increase in
hematocrit results in platelets being more concentrated
and closer to the walls because of the reduced cell-free layer
thickness. To save computation time, we did not simulate
freely flowing platelets at varying hematocrits, i.e., the he-
1146 Biophysical Journal 116, 1136–1151, March 19, 2019
matocrit is fixed at 30%, which may contribute to the
slight discrepancy between our model and experiments in
Fig. 13 a. The hematocrit does not alter platelet properties
such as kon, koff, a, b, Aa, and ~Ab. Once adhered, platelets
only feel a weak influence of red blood cells located far
from the reactive region. Because Koff and Kon,2 are defined
in terms of nP,s1, the theoretical results do not show any vari-
ation. The influence of hematocrit on platelet adhesion that
we discuss in this section can explain the clinical findings of
how bleeding time is related to the hematocrit level (17).
Because red blood cells do not influence platelet functions
directly, we expect subsequent reactions after single-platelet
adhesion to be less sensitive to the hematocrit. Thus, we
believe our model captures most of the effect of hematocrit
on bleeding.

The effect of shear rate is demonstrated in Figs. 14 and
S1 c. In our experiments, we observed that Kon increases
weakly with the shear rate. The trends of Koff and Kon,2 are
less clear. It is worth pointing out that the range of shear rates
that we investigate is smaller than those in previous experi-
mental studies (up to 5000 s�1) (48). Such high shear rates
are seen in stenosed arteries, and the effect of shear rate is
more dramatic. In addition to GPIb, it is known that other
platelet surface receptors can also interact with VWF. We
chose our shear rate to be within the physiological range
such thatGPIb-VWF interactions dominate, and platelet acti-
vation is prevented. Unlike previous cases where the two
models of kon give similar qualitative trends, we see distinct
trends of Kon versus shear rate (Fig. 14 a) here. The variable-
reaction-rate model (model 1) captures the increase of Kon

with shear rate seen in experiments, whereas the constant



FIGURE 13 The effect of hematocrit on Kon (a),

Koff (b), and Kon,2 (c). N ¼ 7 donors, repeated three

times per donor. Error bars represent SD.
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konmodel shows a decrease in the rate of adhesion. The shear
rate manifests itself in various aspects of platelet adhesion.
For the healthy red blood cells that we consider in our study,
the effect of the shear rate is equivalent to the effect of the
capillary number (Ca) defined in Table 2. For Ca R 0.5,
red blood cells are in the tank-treading regime and have
saturated shapes at steady state (11). We anticipate that
shear-induced diffusion of platelets due to platelet-cell hy-
drodynamic collisions (FCP) does not change significantly
and the platelet distribution nP(z) in Eq. 14 is not affected
by the shear rate. On the other hand, for a fixed z,Aa increases
weakly with the shear rate because of the change in tumbling
dynamics (45) and an increase in l, as shown in Fig. 7 a. kon
decreases with the spring force based on existing studies (7)
and thus decreases with z. The combined effects of these fac-
tors result in different trends in Kon(z) depending on the
FIGURE 14 The effect of shear rate on Kon (a),

Koff (b), and Kon,2 (c). N ¼ 7 donors, repeated three

times per donor. Error bars represent SD.
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binding model used. We observe an increase in Koff for both
bindingmodels. In addition to the change in konwith the shear
rate, koff also increases. As a result, koff increases, which is not
obvious in the experiments. We observe a weak increase in
Kon,2 with the shear rate aswell, which can be explained using
a similar argument as the AK2 case because of the change in
configuration of transiently adhered platelets. More experi-
mental runs are needed to reduce uncertainties and achieve
a quantitative comparison.

Unlike the previous three cases in which the independent
variables influence platelet adhesion from an early stage as
indicated by the number of adhered platelets, we do not see
the effect of ReoPro until approaching the end of the experi-
ments, as shown in Fig. S1 d. As time progresses, we observed
a significant increase in the fraction of translocating, i.e.,mov-
ing platelets. As a result, Kon,2 decreases with increasing
ReoPro dosage, whereas Kon and Koff remain unchanged.
Similar to the case of AK2, we vary b in our model to study
the effect ofReoPro as shown in Fig. 15.Wepredict no change
in Kon or Koff based on Eqs. 18 and 19. Kon,2, however, de-
creases based on Eq. 20. Again, the degree of reduction in b

is estimated based on ReoPro experiments (Fig. 15 c) because
Kon,2 is directly proportional to b. GPIIbIIIa deficit is associ-
ated with Glanzmann’s throbasthenia (49). Our findings can
thus indicate the consequence of this bleeding disorder.
Sensitivity analysis

The accuracy of our model depends on the approximation of
several variables, which are subject to a variety of errors. As
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mentioned previously, the hydrodynamic contributions
contain no fitting parameters. The margination profile of
platelet concentration has been verified against various ex-
periments (13), and the comparison is limited by the resolu-
tion of experimental measurements. On the other hand, the
kinetic information is extracted from either existing
studies or boundary integral simulations. Whether these
quantities are applicable to our model and experiments re-
mains unknown. For example, we consider fixed values of
a ¼ 25,000 and b ¼ 50,000 in our model. Their actual
values vary from person to person. We measured GPIb
and GPIIbIIIa counts for four blood donors using flow cy-
tometry (Biocytex, Marseille, France, Table S1), and the
measured GPIb count a differs from the a value in our
model by up to 50%. It is worth considering the validity
of using a fixed value in the model rather than a distribution
for a select parameter, which may be a more realistic repre-
sentation of the parameter value.

To evaluate the effects of these uncertainties, we perform
a sensitivity analysis as summarized in Table 4. We choose
to analyze the effects related to GPIb-VWF interactions that
are most representative of our model sensitivity and to
which sources of error can be traced. Variables such as b

are not analyzed because the effects are similar to a accord-
ing to Eqs. 18 and 20. By varying a select parameter sym-
metrically about the value used for the control case in our
model, we evaluate the change in Kon and Koff. If the result-
ing variation is no longer symmetric about the original
value, we also vary the select parameter as the weighted
average of the upper bound (25%), mean (50%), and lower
FIGURE 15 The effect of ReoPro on Kon (a), Koff

(b), and Kon,2 (c). N ¼ 5 donors, repeated three times

per donor. Error bars represent SD.



TABLE 4 Sensitivity Analysis for the Mathematical Model Evaluated at Standard Operating Conditions

Variable Variation Kon Koff Source of Error

a 550% 550% ��36%–56% (5%) individual differences (Table S1)

kon 550% 550% ��36%–56% (5%) SM experiments (7)

Aa 55% 55% ��4%–5% BEM simulations

koff 55% ND 54% SM experiments (42)

L 510% ��6%–2% (�1%) ND SM experiments (38), variable kon
��54%–46% (�2%) ND SM experiments (38), fixed kon

The percentage value listed in the parenthesis represents the change in mean rate constant when the variation about a select parameter results in asymmetric

change in the rate constant, calculated from a weighted average of the upper bound (25%), mean (50%), and lower bound (25%) of the select parameter. ND,

no data; SM, single molecule; BEM, boundary element method.
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bound (25%) and calculate the resulting rate constants. This
method measures the deviation due to a distribution of
parameter values instead of a single value.

Quantities containing the largest uncertainty are a, kon,
and L, which await more single-molecule measurements
to accurately determine their values. The value of L can
also be studied using novel simulations of wall-tethered
VWF, similar to existing simulations of freely flowing
VWF (36). Our model allows arbitrary binding models,
and therefore kinetic variables can be updated based on
the state-of-art measurements to re-evaluate platelet-level
rate constants in future studies.
CONCLUSIONS

Using a combination of modeling and experimental ap-
proaches, we study the initial platelet adhesion onto vascular
walls in channel flow, which signals the onset of clot forma-
tion and ultimately hemostasis and thrombosis. Although this
process is mediated by platelet surface receptors GPIb and
GPIIbIIIa interacting with wall-tethered VWF, multibond ki-
netics and the blood-flow environment also play critical
roles. We build a multiscale model that accounts for these
various factors and is thus more complete than previous
lower-order models. Instead of studying a single controlled
variable, the complementary microfluidic experiments sys-
tematically investigate the effects of shear rate, hematocrit,
and GPIb and GPIIb receptor densities using a coherent strat-
egy. In addition to qualitative observations which are consis-
tent with previous findings, we characterize the adhesion
dynamics in terms of multiple rate constants. The agreement
between our model and experimental results, though semi-
quantitative, shows the feasibility of using both kinetic and
mechanical information to fundamentally understand the
process of platelet adhesion from a molecular level.

The results of this investigation provide new, to our knowl-
edge, insights in the initial steps of platelet adhesion. We
conclude that fluid dynamics manifests itself in almost every
aspect of platelet adhesion. Bond-level kinetics are force
dependent and thus are sensitive to fluid drag, which changes
with the shear rate. Depending on the assumptions made for
binding, different trends are observed for the platelet adhe-
sion rate at varying shear rates. Near-wall platelets undergo
wall-hindered tumbling motion (modified Jefferey orbit)
due to blood flow, which influences the reactive area of freely
flowing platelets forming initial contact with the wall. As the
platelet becomes adhered to the VWF-tethered wall, the bal-
ance between the bond force and the drag force becomes the
new mechanism governing the platelet motion and results in
an increase in the reactive area. Finally, the near-wall con-
centration of platelets is largely influenced by the distribution
of red blood cells, which are the dominating species in the
blood suspension. The effects of red-blood-cell migration
and platelet margination can be explained by the deforming
shapes of red blood cells due to fluid shear. Therefore, red
blood cells also play a role in the initial steps of thrombosis
and hemostasis. Thus far, we have only considered blood
samples from healthy donors with flow conditions matching
those in human arteriole vessels, but we can predict changes
in the adhesion dynamics if any variables in the model are set
to abnormal values. Such abnormalities may be associated
with diseases, e.g., bleeding disorders, and thus giving clin-
ical relevance to our model.

The novel, to our knowledge, coarse-grained model we
have built is much more computationally efficient than
large-scale whole-blood simulations because cell-platelet
interactions are captured at the suspension level instead of
the particle level. We fully account for the hydrodynamic
effects of red blood cells, which is essential to accurately
determine the near-wall platelet concentration. The sensi-
tivity of this model is discussed, with the majority of
uncertainties in the kinetic information referenced from
single-molecule measurements. These uncertainties, along
with assumptions we made in both our experiments and
model, may be investigated in more detail in future studies
to improve the model.
SUPPORTING MATERIAL

Supporting Materials and Methods, one figure, one table, and two videos are
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