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Effects of different shear rates on the attachment
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Abstract. Thrombosis and hemostasis take place in flowing
blood, which generates shear forces. The effect of different
shear rates, particularly pathological forces, on platelet
thrombus formation remains to be fully elucidated. The
present study observed the morphological characteristics and
hierarchical structure of thrombi on the collagen surface at
a wide range of wall shear rates (WSRs) and examined the
underlying mechanisms. Calcein AM-labeled whole blood
was perfused over a collagen-coated surface at different shear
rates set by a Bioflux 200 microfluidic device and the thrombi
formed were assessed for area coverage, the height and the
hierarchical structure defined by the extent of platelet activa-
tion and packing density. The factors that affect thrombus
formation were also investigated. Platelet thrombus forma-
tion varied under different WSRs, for example, dispersed
platelet adhesion mixed with erythrocytes was observed at
125-250 s!, extensive and thin platelet thrombi were observed
at 500-1,500 s, and sporadic, thick thrombi were observed
at pathological WSRs of 2,500-5,000 s, which showed a
tendency to be shed. With increasing WSRs, the height of
the thrombi showed an increasing linear trend, whereas the
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total fluorescence intensity and area of the thrombi exhibited
a parabolic curve-like change, with a turning point at a WSR
of 2,500 s'. The number of thrombi, the average fluorescence
intensity and the area per thrombus showed similar trends, with
an initial upwards incline followed by a decline. The thrombi
formed at higher WSRs had a thicker shell, which led to a
more densely packed core. Platelet thrombus formation under
shear-flow was regulated by the adhesive strength, which was
mediated by receptor-ligand interaction, the platelet deposi-
tion induced by shear rates and the detachment by the dynamic
force of flow. This resulted in a balance between thrombus
attachment, including adhesion and aggregation, and detach-
ment. Collectively, compared with physiological low WSRs,
pathological high WSRs caused thicker and more easily shed
thrombi with more condensed cores, which was regulated
by an attachment-detachment balance. These results provide
novel insights into the properties of thrombus formation on
collagen at different WSRs, and offers possible explanations
for certain clinical physiopathological phenomena, including
physical hemostasis and pathological thrombosis.

Introduction

Platelet adhesion and aggregation at sites of vascular injury
contribute to the arrest of bleeding, but also to the occlusion
of atherosclerotic arteries causing cardiovascular and cere-
brovascular diseases (1,2). These events take place in flowing
blood, which generates shear forces. Typical ranges of wall
shear rates (WSRs) in vivo are as follows: 20-200 s™! for veins,
300-800 s for large arteries, 500-1,600 s for arterioles and
800-10,000 s for atherosclerotic stenosed arteries (3). Various
fluidic devices have been designed to mimic the hemodynamic
conditions of the vasculature (4,5) and artificial surfaces coated
with different substrates, including collagen, fibrinogen, von
Willebrand factor (VWF) and laminin, have been used to simu-
late the subendothelial matrices (6-8). Among these, collagen
fibrils are the most abundant component of the extracellular
matrix (9) and considered to be essential for platelet thrombus
formation following vessel wall injury (10). Collagen-coated
surfaces bear the closest resemblance to physiopathological
conditions in vivo (6) and are, thus preferred for flow assays,
according to the recommendation by the Biorheology
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Subcommittee of the SSC of the ISTH (11). Although the
characteristics of thrombus formation over collagen surfaces
at different WSRs have been reported previously, these obser-
vations are either limited in relatively lower physiological
ranges (6,12-16), or lacking detailed description (17). The
precise characteristics of thrombus formation at high patho-
logical WSRs remain to be fully elucidated. Previously, platelet
activation parameters, including fibrinogen binding (aIIbp3
activation) and the expression of P-selectin (platelet a-granule
secretion) were used to evaluate the levels of activation (18,19)
and regional architecture of the thrombi (20-23). However, the
hierarchical structure of thrombi formed at different WSRs,
particularly pathological WSRs, remains to be elucidated.

Novel microfluidic devices (24,25) with dimensions of
micrometers can provide higher WSRs with a reasonable
whole blood volume (0.1-1 ml) requirement, which makes
comparative investigations among a wider range of WSRs
possible. Previous observations on thrombus formation in
whole blood under flow were based on either the fluorescence
labels (6,7,14,15) or washing off erythrocytes following stop-
ping of flowing (26). Reports involving the direct real-time
visualization of the thrombotic process on collagen under
different WSRs using optical microscopy have been limited to
only a few groups (27-29). In the present study, using the micro-
fluidic Bioflux 200 device, high-resolution video microscopy
and confocal three-dimensional (3D) imaging, the character-
istics of platelet thrombi formed at pathological WSRs were
examined and compared with physiological WSRs, and the
underlying mechanisms were investigated.

Materials and methods

Antibodies and reagents. Mouse anti-human monoclonal
SZ-2 antibody specific for integrin glycoprotein (GP)Ib was
provided by Professor Changgeng Ruan (Jiangsu Institute of
Hematology, Suzhou, China) and murine anti-human integrin
oIIbp3 monoclonal antibody 7E3 was provided by Dr Junlin
Liu (Shanghai Jiao Tong University School of Medicine,
Shanghai, China). Monoclonal mouse anti-human integrin
a2p1 blocking antibody (Gi9) was purchased from Acris
Antibodies GmbH (Herford, Germany; cat. no. BM2545).
Fluorescein isothiocyanate (FITC)-labeled mouse anti-human
CDG62 P (P-selectin) monoclonal antibody was purchased from
Beckman Coulter (Fullerton, CA, USA; cat. no. A07790).
Polyclonal rabbit anti-human fibrinogen antibody was
purchased from Dako-An (Agilent Technologies, Inc., Santa
Clara, CA, USA; cat. no. AO080) and Alexa fluor 488 affini-
pure donkey anti-rabbit IgG (heavy+light) was purchased from
Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA,
USA; cat. no. 711-547-003). Multimer purified human vWF was
purchased from Hematologic Technologies Inc. (Essex Junction,
VT, USA; cat. no. HCVWEF-0190). Calcein AM was purchased
from Invitrogen (Thermo Fisher Scientific, Inc., Waltham,
MA, USA; cat. no. C1430). Equine type I fibrillar collagen
was purchased from Chrono-log Corporation (Haverton,
PA, USA; cat. no. 385). D-phenylalanyl-L-prolyl-L-arginine
chloromethyl ketone dihydrochloride (PPACK) was purchased
from Enzo Life Sciences, Inc. (Farmingdale, NY, USA; cat.
no. BML-P1117-0025). All other biochemical reagents were
obtained from Sigma-Aldrich (St. Louis, MO, USA).
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Perfusion assays. Perfusion assays were performed, according
to a modified method of Conant et al (30). Briefly, microflu-
idic channels with cross-sectional dimensions of 250 ym in
width and 75 pm in height (Bioflux 200; Labtech; Fluxion
Biosciences, Inc., South San Francisco, CA, USA) were coated
with type I collagen (20 pg/ml dissolved in 0.02 M acetic acid)
or vVWF (10 ug/ml). As collagen with concentrations >40 pug/ml
occludes microfluidic channels, a concentration of 20 pg/ml
was used. A total of 3-8 ml whole blood was intravenously
collected into PPACK (150 yM) from healthy volunteers,
including 10 males and 10 females aged between 18 and
35 years old, who had provided informed consent, with the
approval of the Human Research Ethics Committee of Ruijin
Hospital, Shanghai Jiaotong University School of Medicine
(Shanghai, China). The experiments were performed in the 2 h
following blood collection. In a quantitative assay, the fluores-
cent dye, calcein AM (4 uM), was used to label the platelets.
For the inhibition assays of the antagonists, SZ-2 (5 pg/ml),
Gi9 (50 ug/ml), 7E3 (10 pg/ml), or the disodium salt of ethyl-
enediamine tetraacetic acid (EDTA; 5 mM), were added to
the blood. The different WSRs were set using the Bioflux 200
software. The whole blood was perfused through the microflu-
idic channels at predefined WSRs (125, 250, 500, 1,000, 1,500,
2,500, 3,750 and 5,000 s™) for 4-5 min. To perfuse at 5,000 s
for 5 min, 500 ul whole blood was required, which was the
maximal volume that the inlet was able to hold. Thrombus
formation was recorded using an inverted fluorescence micro-
scope and charged-couple device camera (Nikon eclipse Ti-S;
Nikon Corporation, Tokyo, Japan). A video was recorded in
real-time at a rate of 100 frames per second. The total fluo-
rescence intensity, total area coverage and mean fluorescence
intensity per visual field were calculated automatically by the
Bioflux 200 software with a threshold of 15, at which point the
single platelet was visible, but the background was not.

3D imaging assay. Following perfusion of the
calcein AM-labeled whole blood for 4.5 min at different
WSRs, the microfluidic channels were washed using phos-
phate-buffered saline (PBS) at 125 s for 5 min, following
which the samples were examined and scanned using a
Leica laser confocal microscope (Leica TCS SP8; Leica
Microsystems, Wetzlar, Germany). 3D images were created
through the stacking of a collection of two-dimensional
images, with deconvolution to eliminate out-of-focus infor-
mation, using LAS AF Lite software (2.6.0 build 7266; Leica
Microsystems). Z-stack scanning was performed at intervals
of 0.3 um with a 60X objective. The height of every thrombus
was calculated using LAS X 3D analysis software (1.1; Leica
Microsystems).

Platelet tracking assay. The PPACK-anticoagulated blood
was perfused through a vVWF-coated (10 yg/ml) surface at
different WSRs. Subsequently, the platelet adhesion on VWF
was recorded in real-time using an inverted fluorescence
microscope and charged-couple device camera (Nikon eclipse
Ti-S; Nikon Corporation). A total of 10 consecutive frames
were captured every 0.54 sec following the onset of blood
flow, which were overlapped to show the platelet tracking path
lines and analyzed for mean velocity of platelet movement
using Bioflux 200 software.
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Figure 1. Characteristics of thrombus formation on collagen at different WSRs. (A) Thrombus formation at the indicated time points. The images at WSRs of
500 and 125 s are unclear due to low flow velocity-induced artifact. (B) Number of adhesive platelets. Data are presented as the mean + standard deviation of
four separate experiments from three donors. "ND, quantification not performed as platelets overlapped. The thrombi formed were dispersed and mixed with

erythrocytes at 125 s,

extensive and thin at 500 s™', densely covered at 1,500 s™', but sporadic and thick at 5,000 s’

. During the first 120 seconds, the thrombus

growth rates gradually increased with the elevation of WSR. WSR, wall shear rate.

Definition of the hierarchical structure of thrombi by the
extent of platelet activation and packing density. Defining
the hierarchical structure of the thrombi was performed,
according to previously described methods (21,22). Following
perfusion of the PPACK-anticoagulated whole blood, without
the addition of calcein AM, for 4.5 min at different WSRs, the
microfluidic channels were washed using PBS at 125 s for
1 min. Then thrombi were then stained by perfusion at 125 s’
for 2 min with FITC-labeled anti-P-selectin monoclonal
antibody (1:100) or polyclonal rabbit anti-human fibrinogen
antibody (1:500), followed by incubation at room temperature
for 30 min with Alexa fluor 488-labeled donkey anti-rabbit
secondary antibody (1:500), all in PBS with calcium and
magnesium. Following 30 min of static staining at room
temperature, unbound labeling was washed off using PBS at
125 s, The total thrombus area was defined by the thrombus
outline in brightfield; the area of the core region was defined
by the fibrinogen-binding fluorescence using an inverted fluo-
rescence microscope (Nikon eclipse Ti-S; Nikon Corporation).
Subtracting the fibrinogen-binding area from the total

thrombus area defined the area of the outer shell region. The
marked fibrinogen-binding borderline between the core and
shell was defined as the boundary zone. The area and the mean
fluorescence intensity of the distinct regions were measured
by gating the images with NIS Elements imaging analysis
software (version NIS Elements D; Nikon Corporation).

Statistical analysis. The SPSS 18 statistical software program
was used for statistical analysis. Quantitative data are expressed
as the mean =+ standard deviation. Differences between groups
were assessed using Student's t-test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Morphological characteristics and hierarchical structure
of thrombi formed at different WSRs. It is known that the
WSR is ~125 s! in veins, ranges between 450 and 500 s in
medium-sized arteries, including coronary arteries (3,31,32),
is ~1,500 s in arterioles (3) and reaches a pathological level
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Figure 2. Quantitative analysis of thrombus formation at different WSRs. Calcein AM-labeled whole blood was perfused over a collagen-coated surface at
indicated WSRs for 4.5 min. (A) Representative images. (B) Total fluorescence intensity. (C) Total area coverage. (D) Number of thrombi. (E) Fluorescence
intensity per thrombus. (F) Surface area coverage per thrombus. (G) Mean fluorescence intensity (total fluorescence intensity/total area coverage). 'P<0.01 and
“P<0.05, compared with that at 1500 s™'. Results are presented as the mean + standard deviation from at least 40 randomly-selected visual fields of at least four
independent experiments from three donors. WSR, wall shear rate.
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Figure 3. Elevated WSRs cause thicker thrombi. (A) A large, thick thrombus was formed following perfusion for 1.5 min at 5,000 s, the bottom, middle, upper
and top parts of which are shown. (B) Three-dimensional imaging of thrombi at indicated WSRs. (C) Calculated height per thrombus. "P<0.01 and “P<0.05,
compared with that at 1500 s™'. Results are presented as the mean * standard deviation from 12-25 randomly-selected thrombi from three experiments for

every WSR examined. WSR, wall shear rate.

between 1,500 and 10,000 s close to the stenotic apex in
atherosclerotic arteries (3,33). In the present study, the above
WSRs were selected, and the process of thrombus formation
was observed under optical microscopy in real-time. In this
system ex vivo, the thrombus resembled a platelet thrombus, as
PPACK-anticoagulated blood was used, which did not allow
thrombin generation or fribrin formation. The number of
adhered and aggregated platelets increased in a time-dependent
manner at all WSRs in the first 2 mins (Fig. 1). At a low WSR
of 125 s, platelet adhesion was shown in only a thin layer, and
the thrombi were small and mixed with relatively larger-volume
erythrocytes. At a WSR of 1,500 s, the platelets gradually
formed disseminated and thick funicular thrombi, which
were elongated in the direction of flow. The characteristics of
platelet adhesion and aggregation were observed at a WSR of
500s between 1,500 and 125 s'. At a WSR of 5,000 s, initial
adhesion of the platelets was limited and unstable, however,
once the first platelet adhered irreversibly to the collagen
surface, the thrombus grew rapidly. At 5,000 s, the large
and thick thrombus exhibited a tadpole-like appearance, with
the head against, and the tail in the direction of flow (Fig. 1).
To accurately quantify the number of thrombi, the platelets
were stained using calcein AM, which has no effect on the
function of platelets (30). The total fluorescence intensity and
total area coverage generated a parabolic curve-like change
with a peak at 2,500 s (Fig. 2A-C). The number of thrombi
were low at the lower WSRs of 125 and 250 s, and increased
markedly, reaching a plateau at moderate WSRs of 500, 1,000
and 1,500 s, followed by a gradual decrease at high WSRs of
2,500, 3,750 and 5,000 s (Fig. 2D). The fluorescence intensity

and area coverage per thrombus were low at the lower WSRs
of 125 and 250 s, increased at the moderate WSRs of 500,
1,000 and 1,500 s™', and were most marked at the high WSR of
2,500 s™'. The intensity gradually decreased at higher WSRs
between 2,500 and 5,000 s, although remained higher than
that at moderate WSRs (Fig. 2E and F). The mean fluores-
cence intensity, roughly reflecting the height of the thrombi,
increased progressively with WSR increase, and reached
a maximum at 5,000 s (Fig. 2G). At 5,000 s™', the bottom,
middle, upper and top regions of the thrombi were observed
through modulation of the focal length of the microscope,
with an estimated height of 40-60 ym (Fig. 3A). The 3D
images showed that the mean heights of the thrombi showed
a shear-dependent increase between 16.8 and 48.7 um.
(Fig. 3B and C). The overlapping of multiple thrombi was
also observed at 2,500 s™!, which appeared to enlarge the area
coverage of the individual thrombus, but did not affect its
height (Fig. 3B), resulting in the peak of area coverage per
thrombus at 2,500s™". Due to the cessation of flow, the thrombi
at 5,000 s acquired a mound-like appearance, rather than a
tadpole-like appearance (Fig. 3B). It was also shown that the
thrombi were located at the bottom, as well as the top of the
channel, possibly due to the collagen coating surrounding the
channel (Fig. 3B).

The activation status of the thrombi was stratified, based
on fibrinogen-binding fluorescence intensity, which was
observed as a lightly stained inner core, deep staining of the
surrounding boundary zone and a pale shell outside (Fig. 4A
and B). The low fluorescence intensity in the core region
reflects a reduction in porosity and an increase in the packing
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Figure 4. Thrombi formed at high WSRs have higher shell-core rates and more closely packed cores. Whole blood, without the addition of calcein AM, was
perfused over a collagen-coated surface for 4.5 min at the indicated WSRs. The thrombi were stained to evaluate the hierarchical structure, based on the
extent of platelet activation and packing density. anti-fibrinogen antibody was used to assess fibrinogen binding and P-selectin antibody was used to determine
the expression of P-selectin. (A) Representative images under brightfield and fluorescence microscopy, and of the two merges. (B) Schematic diagram of
merged images of fibrinogen binding showing the stratified thrombus structure with core, boundary zone and shell. (C) Mean fluorescence intensity in the
core at the indicated WSRs. (D) Area ratio of shell:core at indicated WSRs. "P<0.01 and “"P<0.05, compared with that at 1,500 s'. Results are presented as the
mean + standard deviation from 20-25 randomly-selected thrombi from three experiments for every WSR examined. WSR, wall shear rate.

density of the core (22). Therefore, the present study analyzed
the mean fluorescence intensity in the core to estimate the
extent of packing density of the core in the thrombi formed at
different WSRs. The results showed that the thrombi formed
at higher WSRs had lower mean fluorescence intensity in the
core, therefore, with increasing WSR, the thrombi had a more
closely packed core (Fig. 4C). As it has been reported that the
shell provides protection for the core (22), the present study
further analyzed the area ratio of shell to core. The results
demonstrated that the area ratio of shell:core increased with
WSR, indicating that the thrombi formed at higher WSRs had
a thicker shell, compared with those formed at low WSRs
(Fig. 4D). As the expression of P-selectin on the activated
platelet surface is lower than that of the fibrinogen receptor,
olIbB3 (34), the fluorescence intensity of the former was
weak, compared with that of the latter, which made analysis
difficult (Fig. 4A).

Underlying mechanisms for thrombus formation at different
WSRs. The nature of the receptors involved in adhesion
and aggregation at different WSRs was probed using

function-inhibiting monoclonal antibodies against-GPIb
(SZ-2), a2p1 (Gi9) or allbp3 (7E3). Potent divalent cation
chelating agents (EDTA) served as a positive control. The
inhibition of GPIb by SZ-2 completely eradicated the initial
adhesion of platelets at moderate-high WSRs of 1,500 and
5,000 s™. Inhibition of a2p1 by Gi9 had significant inhibitory
effects on thrombus formation at high WSRs of 1,500 and
5,000 s with modest inhibitory effects at 500 s™'. The inhi-
bition of allbp3 by 7E3 had significant inhibitory effects on
aggregation at almost all WSRs (Fig. 5A). These adhesive
receptors assisted in resisting the high levels of shear stress.

In order to examine the association between platelet depo-
sition rate and shear rates, microfluidic channels were coated
with vVWF, which can mediate platelet surface translocation,
rather than rapid and brief contact mediated by collagen,
making the platelet movement visible. The adhesion of platelets
to the VWF-coated surface demonstrated the characteristics of
a monolayer, but without overlapping. The number of platelets
adhered to the VWF surface exhibited shear rate-dependent
increase (Fig. 5B), indicating that elevated WSRs caused
platelet deposition.
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tion of 5,000 and 3,750 s, at which the curve exhibited a sharp turn at ~3.5-4 min (red arrows). 'P<0.01 and “P<0.05, compared with that at 1,500 s”. The
(G) mean velocity of movement of eight randomly-selected platelets was calculated. (F) Platelet tracking path lines of the randomly selected platelets at
different WSRs are shown in green lines with assigned numbers. Results are representative of three independent experiments. (H) Schematic diagram of the
attachment-detachment balance. WSR, wall shear rate.
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Initial thrombus formation at high WSRs of 5,000 s was
slower, and the first platelet took ~30-60 sec to adhere stably
to the surface. The platelets, which were tethered to already
irreversibly adhered platelets (the head of thrombi) were
washed away (Fig. 5C). When the thrombi grew bigger and
thicker for ~2-3 min following perfusion at high WSRs, they
were shed off (Fig. 5D). At WSRs <2,500 s!, the thrombi were
relatively stable and the curve of total fluorescence intensity
showed a time-dependent linear ascent, whereas at high WSRs
of 5,000 and 3,750 s the thrombi were shed, causing a sharp
turn in the curve at ~3-4 min (Fig. 5E). To further estimate the
dynamic drag force caused by different WSRs, the velocity of
platelet translocation on the vWF-coated surface was calcu-
lated, which shows high levels of correlation with dynamic
drag force imposed by flow (7). The mean velocity of platelet
movement elevated gradually with increasing WSR (Fig. 5F
and G).

Discussion

Using high resolution microscopy and a CCD camera,
platelet adhesion and aggregation on collagen in flow exhib-
ited distinct structural characteristics. Physiological venous
WSR conditions (125-250 s') generated uniform, dispersed
platelet adhesion and small thrombi; physiological arterial
WSRs (500-1,500 s™') generated extensive and thin platelet
thrombi elongated in the direction of flow; whereas elevated
pathological WSRs (2,500-5,000 s™) generated sporadic and
thick thrombi. The thrombi consisted of platelets and eryth-
rocytes at low WSRs, and consisted exclusively of platelets at
high WSRs, which was in accordance with the fact that red
thrombi predominate in veins and white thrombi in arteries
in vivo (35). Notably, the high pathological WSR of 5,000 s™!
generated large, thick thrombi with a specific ‘trochocephalia
and slendertail’ tadpole-like configuration, and this slen-
dertail disappeared when blood flow stopped. This specific
configuration may result from the hemodynamic process,
in which the new platelets on the head of the thrombi in the
flow upstream rapidly translocated into the low-shear shadow
zone downstream, and tethered to the thrombus body gradu-
ally. Colace et al (15) described the morphological features
of aggregates, however, the shear rate was only between 100
and 2,000 s'. The observation was fluorescence-dependent,
however, it was not directly visible in real-time optical
observation and thus certain details were omitted, including
erythrocyte aggregates at low WSRs, tadpole-like platelet
aggregates at high WSRs and platelet movement.

The fluorescence quantification and 3D imaging indicated
that, with increasing WSRs, the height of the thrombi mani-
fested a linear increase, whereas the total fluorescence intensity
and area of the thrombi generated a parabolic curve-like change
with an inflection point at 2,500 s™'. The number of thrombi,
the average fluorescence intensity and the area per thrombus
showed a similar trend, with an initial increase followed by a
decrease. Previous reports on the effects of WSRs on the height
of thrombi are rare, and descriptions of the effects of WSRs on
thrombus formation have been limited to relatively low WSRs
and varied among groups: Peak platelet accumulation on
collagen has been reported at 150 s' in a WSR range between
0 and 600 s™) (12), 150 s! in a range of 150-1,500 s (14) and

SHI et al: THROMBUS FORMATION AT DIFFERENT SHEAR RATES

500s in a range of 100-1000 s (15), respectively. However,
the front part of the parabolic curve-like trendline of the total
thrombus formation in the present study was in agreement with
the observation of Savage et al (6), which reported that the
total thrombi formed on collagen increased gradually at serial
WSRs between 100 and 500 to 1,500 s'. The second part of
the parabolic curve-like trendline of the thrombus formation
has not been reported previously. Therefore, the present study
provided data on higher pathological WSRs.

The thrombi formed under flow had a hierarchical struc-
ture defined by the extent of platelet activation and packing
density. The inner core was lightly stained, where the platelets
were packed and it was difficult for the antibody to penetrate;
a colored boundary zone was observed outside the core, where
the thrombi grew, and an outer shell was present, where the
platelets adhered loosely, similar to the P-selectin-based hier-
archical organization of thrombi formed in murine cremaster
muscle arterioles following laser injury (20). In the present
study, this hierarchical structure of thrombi formed at different
WSRs was investigated and it was found that the thrombi
formed at higher WSRs had a more closely packed core and
thicker shell. The thick shell, which was comprised of recruited
platelets with less activity, may protect the platelet-paracrine
soluble agonists in the cord, ADP and TXA2, from blood flow
‘washout’, and these soluble agonists drive platelet full activa-
tion, shape change, cohesion and clot retraction (20,36), and
eventually lead to a packed core. A higher shell-to-core ratio at
higher WSRs indicated a higher degree of protection provided
by the shell to the core. However, the thickness of the shell was
correlated with the extent of platelet recruitment, which was
shear-dependent.

The possible mechanism underlying the above-mentioned
shear-based change of thrombus formation was examined
in the present study. The results of the function-inhibition
assays suggested that the interactions between the GPIb,
alIbp3 and a2pf1 receptors and their ligands contributed
to the resistance to the drag force imposed by the flow. The
platelet deposition rate gradually increased with elevation
of WSR, possibly due to an increase in the volume of blood
perfused within a period of time (6) and increased collision
frequency of the platelets (37). As a result, the thrombi grew
faster at higher WSRs, compared with low WSRs, with the
thickest thrombus identified at the highest WSR. This led
to the observed linear increase in the height of the thrombi.
The present study further examined the dynamic drag force
caused by WSRs. As the velocity of platelet movement
reflects the dynamic drag force (7), the faster movement of
platelets at relatively higher WSRs indicated a more marked
dynamic drag force imposed on the platelets. The dynamic
drag force was positively correlated with the WSRs and
thrombus height, according to the previously described
formula (38,39): Re, = yH,”> / i (Re, is the particle Reynolds
number, v is the WSR, H, is the thrombus height and p is
the blood viscosity). Elevated WSRs or increasing thrombus
thickness (depending on the former) significantly increase
the likelihood of a detachment event (17,39). Therefore, the
higher the WSRs were, the more readily the thrombi were
shed, causing a decline in total thrombus formation at WSRs
>2,500 s™'. This explains why the total fluorescence intensity
and thrombus area generated a parabolic curve-like change.
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This decreasing trend was not observed in platelet deposi-
tion on the vVWF-coated surface due to the thin monolayer
adhesion.

The adhesive strength, including adhesion to the
extracellular matrix and between platelets (mediated by
receptor-ligand interaction), platelet deposition induced by
WSRs and detachment by dynamic drag force, form a balance
in attachment, including adhesion and aggregation, and
detachment, or an equilibrium between the forces forming
thrombus and those causing shedding (Fig. 5H). The forces
produced by shear rates not only pushed the platelets towards
the vessel wall to facilitate their deposition, but also pulled
them forward in the direction of flow causing shedding. The
inflection point of the WSRs, where the condition transforms
from facilitating thrombus formation to promoting shedding,
was 2,500 s™.

There are several physiopathological implications of the
findings of the present study. The WSR of 500 s represents
non-stenosed medium-sized arteries, including the coronary
arteries (3,31,32), whereas vasculitis or mechanical effects
often result in endothelial injury. The thin and stable thrombi
generated by this WSR not only facilitates endothelial repair,
but also sustain vascular patency. The WSR of 1,500 s’
reflects the condition in arterioles where hemostasis primarily
develops following trauma (3). The thrombi with increased
thickness generated by this WSR are sufficient for the partial
or complete occlusion of arterioles, and the prevention of blood
loss due to the smaller diameters of the arterioles. Whereas
the thickest and most readily shed thrombi are produced by
the WSR of 5,000s™, this may lead to embolization of the
distal circulation in markedly stenosed arteries with ruptured
atherosclerotic plaques (3,33). This may contribute to intermit-
tent thromboembolic symptoms, which are characteristic of
acute coronary syndromes and cerebrovascular disease (33).
By contrast, the thicker shell and more densely packed core
of the thrombi formed at 5,000 s™' prevents the penetration of
thrombolytic drugs, which makes thrombolysis more difficult.

In conclusion, the results of the present study demon-
strated that thrombi characteristics varied with WSRs.
With increasing WSRs, an increase in thrombus height was
observed, and the total fluorescence intensity and thrombus
area exhibited parabolic curve-like changes. The thrombi
formed at higher WSRs were thicker and more readily shed,
and had a more densely packed core, compared with those
formed at lower WSRs, which may cause embolization
and inhibit thrombolysis. Therefore, the balance between
attachment and detachment of platelets regulated thrombus
formation at different WSRs.
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