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Abstract

Purpose Shear-mediated thrombosis is a clinically relevant phenomenon that underlies excessive arterial thrombosis and
device-induced thrombosis. Red blood cells are known to mechanically contribute to physiological hemostasis through
margination of platelets and vWF, facilitating the unfurling of vVWF multimers, and increasing the fraction of thrombus-
contacting platelets. Shear also plays a role in this phenomenon, increasing both the degree of margination and the near-wall
forces experienced by vWF and platelets leading to unfurling and activation. Despite this, the contribution of red blood cells
in shear-induced platelet aggregation has not been fully investigated—specifically the effect of elevated hematocrit has not
yet been demonstrated.

Methods Here, a microfluidic model of a sudden expansion is presented as a platform for investigating platelet adhesion
at hematocrits ranging from 0 to 60% and shear rates ranging from 1000 to 10,000 s™!. The sudden expansion geometry
models nonphysiological flow separation characteristic to mechanical circulatory support devices, and the validatory frame-
work of the FDA benchmark nozzle. PDMS microchannels were fabricated and coated with human collagen. Platelets were
fluorescently tagged, and blood was reconstituted at variable hematocrit prior to perfusion experiments. Integrin function
of selected blood samples was inhibited by a blocking antibody, and platelet adhesion and aggregation over the course of
perfusion was monitored.

Results Increasing shear rates at physiological and elevated hematocrit levels facilitate robust platelet adhesion and forma-
tion of large aggregates. Shear-induced platelet aggregation is demonstrated to be dependent on both oy, By function and
the presence of red blood cells. Inhibition of oy By results in an 86.4% reduction in overall platelet adhesion and an 85.7%
reduction in thrombus size at 20-60% hematocrit. Hematocrit levels of 20% are inadequate for effective platelet margination
and subsequent vVWF tethering, resulting in notable decreases in platelet adhesion at 5000 and 10,000 s™' compared to 40%
and 60%. Inhibition of oy, By triggered dramatic reductions in overall thrombus coverage and large aggregate formation.
Stability of platelets tethered by vWF are demonstrated to be oy, fy;-dependent, as adhesion of single platelets treated with
A2A9, an anti-oyy, By blocking antibody, is transient and did not lead to sustained thrombus formation.

Conclusions This study highlights driving factors in vWF-mediated platelet adhesion that are relevant to clinical suppression
of shear-induced thrombosis and in vitro assays of platelet adhesion. Primarily, increasing hematocrit promotes platelet mar-
gination, permitting shear-induced platelet aggregation through oy B;;-mediated adhesion at supraphysiological shear rates.
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Introduction

The von Willebrand Factor (vWF) is an integral component
of hemostatic regulation at high shear rates (> 1000 s~
[1-3]. vWF is a globular multimeric glycoprotein present
in blood acting as a mechanosensitive complex to permit
binding of platelets and tethering to collagen [4, 5], as well
Extended author information available on the last page of the article as weaker interactions with other matrix proteins [6]. These
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functions are amplified by extreme shear rates (> 5000 s™1)
[7, 8]. These supraphysiological shear rates exceed what is
normally observed in the arterioles (1-2000 s [1], and can
be induced by pathology [7, 9] or mechanical circulatory
support (MCS) devices [10, 11]. Flow disruptions caused by
stenoses or MCS devices cause platelet activation and subse-
quent thrombosis [7-9, 12, 13] amplified by the concomitant
upregulation of the platelet-capture function of vWF [7, 11].
In order to mitigate the occurrence of device-induced and
arterial thrombosis, it is crucial to reduce platelet activation
and aggregation through appropriate antiplatelet therapy.
Additionally, it is imperative to gain a deeper understand-
ing of the biochemical and mechanical factors responsible
for vWF-mediated platelet capture and thrombus formation.
Thus far, it has been demonstrated that thrombus deposition
is exacerbated by both increasing shear rate [8, 14, 15] and
rapid shear gradients [16, 17]. This phenomenon has a dual
impact; firstly, high shear flows activate platelet and cause
vWF stretching, and secondly, they promote platelet and
plasma vWF margination, leading to increased concentra-
tion near the vessel wall [18], and thereby, enhancing their
interaction with thrombi [19].

The margination of platelets, by increasing hematocrit
proportionally, increases the near wall population of platelets
[20], resulting in platelets experiencing higher shear forces
than in the bulk flow. At physiological shear rates, this has
been demonstrated in multiple platforms relevant to venous
thrombosis or arterial hemostasis [19, 21]. This red blood
cell-induced platelet margination amplifies the shear forces
experienced by platelets and enhances subsequent tethering
by vWF [17, 22]. The effects of shear rate gradients on vVWF
adhesion have been studied directly in pure extensional flow
[23-25], at the outlet of a severe stenotic region [9], and
indirectly in a canonical model of device-induced throm-
bosis [26]. Previous work with centimeter-scale models of
in vitro [27] and in silico [28, 29] backwards-facing step
(BFS), or sudden expansion models, as well as microfluidic
models of device-relevant geometric flaws [30-32] influ-
enced the design presented here, a microfluidic model of a
sudden expansion with a sub-millimeter backwards-facing
step geometry.

On a clinical level, heightened hematocrit levels have
been linked to a greater incidence of infarction, deep venous
thrombosis, and stroke [33]. Notably, elevated hematocrit
levels are recognized for their role in facilitating increased
platelet margination [34]. Recent studies have revealed that
the presence of red blood cells simultaneously promotes the
margination and unfurling of vWF multimers [17], further
contributing to the complex dynamics of platelet-vWF inter-
actions. In a model of venous thrombosis, Lehmann et al.
[21] demonstrated a reliance on margination for the forma-
tion of stable thrombi, by way of red blood cell margination
of platelets into the valve pocket region; in this case the
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binding receptor GPVI was found to be responsible for teth-
ering and subsequent platelet activation at this physiological
shear range (10-500 s~!). A study of arterial thrombosis
produced similar results, in which a microfluidic in vitro
and murine in vivo model (750-1000 s™!) demonstrated
enhanced platelet accumulation and rapid thrombus forma-
tion as a result of elevated haematocrit [19, 21]. However,
neither of these studies investigated whether this phenom-
enon was a driving factor at supraphysiological shear rates
relevant to pathological and MCS flow. At these supraphysi-
ological shear rates (~ 10,000 s_l), GPIb-vWF interactions
have been suggested to be the driving factor behind shear-
induced platelet aggregation (SIPA) [35], while the action
of red blood cells was deemed a secondary contributor [7,
36]. Recently, in vitro and in silico models of initial platelet
adhesion have highlighted that platelet tethering by vWF
through GPIb [37-39] is followed by the subsequent activa-
tion of oy, By These studies highlight a potential avenue
for prevention of SIPA through targeting of mechanisms
governing microthrombus formation. SIPA’s impact on
arterial thrombosis influenced this investigation into how
hematocrit (HCT) may facilitate shear rate effects on plate-
let capture, and how inhibition of vWF-ay;, By interactions
affects microthrombi stabilization. The primary hypothesis
of this study is that platelet aggregation induced by supra-
physiological shear rates is a hematocrit-dependent process
mediated by oy, B receptor adhesive interactions. To this
purpose, we have used a microfluidic sudden expansion of
90°, which has been demonstrated previously to mediate
platelet adhesion [21, 2630, 32] due to the fluid mechanics
imposed by this geometry.

Methods
Blood Collection and Preparation

Human blood was acquired from healthy donors through a
Penn State IRB approved protocol for venipuncture. Donors
were comprised of 8 females and 10 males (aged 18-40,
mean 22.4 years), who had not taken any antiplatelet or
anti-inflammatory medication for at least 5 days preceding
blood collection. Mean platelet concentration was 299 + 87
*#10%mL of plasma. For each condition, at least one experi-
ment was performed for each donor listed. The summary
of donors for each experimental condition is outlined in
Table 1. Whole blood was drawn into a blood bag (Terumo,
Tokyo Japan) prefilled with 3.2% sodium citrate, in a ratio
of 9:1 (final anticoagulant concentration was 0.32% sodium
citrate). Blood was separated into packed red blood cells
and platelet-rich plasma (PRP) by spinning at 300xg for 30
min at 25 °C. The upper portion of PRP was removed, and
a small aliquot was set aside for platelet counting. The red
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Table 1 Summary of experiments performed for each condition

0% HCT 20% HCT 40% HCT 60% HCT 0% HCT A2A9 20% HCT 40% HCT 60% HCT

Control Control Control Control A2A9 A2A9 A2A9
1000 s™! 9/11 15/20 13/17 14/20 6/6 6/11 6/10 6/10
5000 s™! 9/10 15/ 15 14/18 14/20 6/17 6/8 6/9 6/8
10,0001 9/10 15716 14/ 18 11/18 6/7 6/7 6/8 6/8

Sample sizes are presented as N/n, where N=number of independent blood donors and n=number of total experiments. Replicate experiments
were performed randomly to acquire as much data as possible for each donor within the 6 h following venipuncture and to reduce the effects of

any inter-donor variability

blood cells and buffy coat then underwent a second spin at
3600 rpm for 30 min at 25 °C. The buffy coat and platelet
poor plasma was discarded, and packed red blood cells were
transferred to a new conical tube. The separated PRP was
incubated on a rocker for 30 min at 37 °C with lipophilic
dye 3,3’-dihexyloxacarbocyanine iodide (DiOCq, 1 pM) for
platelets before reconstitution to the desired hematocrit (0,
20, 40, 60%), verified by centrifugation in an Autocrit Ultra3
(Clay Adams, Parsippany NJ). Unstained platelets aliquoted
from the separated PRP were counted within a hemocytom-
eter. Platelet count was recorded and used to normalize
microscopy results. During analysis, the approximate mean
platelet concentration (300*%10%mL) was divided by the
platelet count of each donor to obtain individual correction
factors. The metrics of platelet adhesion/thrombus growth
for each donor were then multiplied by this correction factor
to determine if platelet concentration was a significant factor.
To inhibit the function of the oy By integrin, a monoclonal
CD41/CD61 antibody was obtained commercially (BioLe-
gend, San Diego CA, cat#359802, A2A9/6 clone). For these
oy, Pr-inhibited samples, separated PRP was incubated at
37 °C with A2A9 [40, 41] at a concentration of 5 ug/mL for
30 min immediately following the DiOC, incubation. To
differentiate the effects of oy fj-inhibition from the con-
tribution of the GPIb receptor and red blood cell secretions,
auxiliary experiments were conducted in which GPIb was
blocked, or ADP-depleted ghost red blood cells were used
in reconstitution (Supplementary Information). To maintain
equivalent bulk platelet concentrations, lower HCT (0—40%)
samples were buffered with HEPES-buffered saline (140
mM NaCl, 1.5 mM Na2HPO4e2H20, 50 mM HEPES) [42]
to maintain 40% v/v PRP composition. Reconstituted blood
was placed on a rocker (Fisher Scientific, Waltham MA)
at 37 °C until needed for perfusion. To determine whether
increased shear stress was a determining factor in increased
thrombus deposition, PRP-glycerol mixtures were created to
match the viscosities of 20, 40, and 60% HCT blood samples
(2.3, 3.9, 8.24 cP, respectively). HEPES-buffered saline and
glycerol aliquots were warmed to 37 °C on an incubated
rocker prior to blood reconstitution. All reconstituted blood
samples were brought to and maintained at 37 °C until per-
fusion. The shear stresses associated with these viscosities

at each shear rate are listed in Supplemental Table 1. Simi-
larly, these blood analog samples were incubated with 1 pM
DiOCg, buffered with HEPES-buffered saline to maintain
40% v/v PRP composition and kept at 37 °C until perfusion.
All adhesion assays were conducted within 6 h of blood
donation.

Microchannel Fabrication

Polydimethylsiloxane (PDMS) microchannels were fabri-
cated, serving as a testing platform for shear-altered deposi-
tion. Master molds were designed in Fusion 360 (Autodesk,
San Rafael CA) and SU-8 photoresist coated following
standard photoresist lithography procedures [43]. Sylgard
184 Silicone (Ellsworth Adhesives, Irondequoit NY) was
mixed in a 10:1 base to curing agent ratio. The elastomer
components were mixed, degassed for 20 min, and allowed
to cure for 4 h at 60 °C following established soft lithog-
raphy protocols [15]. A sudden expansion (SE) geometry
(Fig. 1A-B) was chosen to evaluate the effects on shear-
mediated adhesion. Variations of this geometry have been
studied in literature as representative of device geometries
[31], or roughly analogous to the outlet region of a stenosis
[9]. The SE fluid dynamics are characterized by reduced flow
immediately distal to the step, with a region of flow sepa-
ration at higher Reynolds numbers (Supplemental Fig. 1).
The flow parameters governing these experiments are sum-
marized in Table 2. The geometric features of the channel
can be observed in Fig. 1A, with regions of interest denoted
in Fig. 1B. After curing, PDMS chips were peeled from the
SU-8 master and cut to fit glass slides. Inlet and outlet holes
were punched with a I mm biopsy punch (Integra, Princeton
NIJ). The peeled PDMS chips were rinsed three times with
70% ethanol (EtOH) and dried with compressed air. Glass
microscope slides were cleaned in a similar fashion. Next,
PDMS chips were sealed to glass microslides using a plasma
cleaner (Harrick Plasma, Ithaca NY) at 18W, ~550 mTorr,
for 45 seconds. Sealed channels were then placed on a hot
plate at 80 °C for 20 min to catalyze the bonding reaction
and form a permanent seal. After cooling, the sealed micro-
channels were rinsed with 100% EtOH, followed by 1X PBS.
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Fig.1 A Schematic of SE channel dimensions. Channels are 50 pm
tall in the z-direction. Figure is not drawn to scale. B Regions of
interests (ROIs) in processing surface deposition. SE represents the
entire field of view. Q1, Q2, and Q3 are the region directly prior to

the expansion, the region following the expansion, and the step
region, respectively. C Blood perfusion through microfluidic chip. D
Immunofluorescent microscopy schematic

7(D,/D,) Re# u,, (D) u,, (D, Physiology

Table% Expe}rimental flow SE Dimensions Q
conditions within the SE Channel (D,/D,/H)
channel
Case 1  200/400/50 pm 5 pL/min
Case 2
Case 3 200/400/50 um 50 pL/min

200/400/50 pm 25 pL/min  5000/2500 s 1.41

1000/500 s! 0.28 0.0083 E 0.0042 T Arterial[30, 45, 46]
0.0417 ? 0.0209 ? Pathological[9, 45]

10,000/5000 s 2.82 0.0833% 0.0417? Device[45, 47]

D, refers to the upstream portion of the SE channel before the step, while D, refers to the downstream por-

tion after the step. Reynolds number is calculated based on the velocity [u

the step

Microchannel Preparation

Following the fabrication process, channels were coated with
human type I collagen (Advanced Biomatrix, Carlsbad CA)
at 100 ug/mL to create an adhesive surface. Collagen was
diluted from 3.2 mg/mL in ultrapure deionized water with 5
pL droplets of 0.1M NaOH added slowly to bring the pH to
7.0 [44]. Prior to collagen functionalization, channels under-
went a washing cycle of perfused 100% ethanol, 1X PBS,
and ultrapure water. Following the washing cycle, channels
were incubated with collagen for 2 h at room temperature
while covered. After this passivation period, channels were
again rinsed with ultrapure water and stored overnight at
4°C until use. The collagen coating was labeled and imaged
to ensure a homogenous surface (Supplementary Informa-
tion). Channels were brought to room temperature before
perfusion experiments. Twenty cm lengths of 0.79 mm inner
diameter (I.D.) Tygon tubing (Grainger, Lake Forest IL),
3 mL syringes (8.65 mm I.D.), and 0.79 mm I.D. barbed
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(D))] of the region upstream of

avg

luer connecters (Qosina, Ronkonkoma NY) were assembled
and incubated with 2% bovine serum albumin overnight to
prevent interior platelet adhesion. These syringes were emp-
tied, rinsed, and filled with blood prior to connection to the
punched inlet hole (Fig. 1C-D).

Computational Fluid Dynamics

Shear rates were calculated from Eq. (1), where Q is the vol-
umetric flow rate, 4 is the channel height, and w is the chan-
nel width. Velocity profiles were calculated in an ANSYS
FLUENT (ANSYS, Canonsburg PA) computational simula-
tion and verified by acquiring velocity data with a micro-PIV
(particle image velocimetry) system (TSI Inc., Shoreview
MN). Shear rates were chosen to represent healthy arterial
(1000 s™1, stenotic (5000 s~1), and device-relevant (10,000
s~ 1) shear rates (Table 2), corresponding to the experimental
flow rates of 5, 25, and 50 pL/min. The shear rate for each
case is denoted by the average shear rate of the upstream
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portion (cross-section of 200 X 50 pm) of the backwards-
facing step. The step region was the site of rapid decelera-
tion, followed by a downstream region with an average shear
rate half that of the upstream portion. Blood was perfused
through the microchannels with a programmable syringe
pump (Harvard Apparatus, Holliston MA) at volumetric
flow rates chosen to achieve the desired shear rates.

, = 50

7/_h2w

ey

Experimental Fluid Dynamics Design

Fabricated SE channels were mounted on a microscope stage
and taped in place. Platelet rich plasma (PRP, 0 HCT%), and
blood at 20, 40, and 60% HCT were perfused over 100 pg/
mL collagen for 5 min at 1000, 5000, and 10,000 s~!. For
each HCT and shear rate condition, both unmodified control
blood samples and A2A9-blocked samples were perfused. In
total, 18 blood donors were used in this study.

Micro-PIV was performed using a Nikon Eclipse TE300
inverted fluorescent microscope (Nikon, Melville NY) with
a Plan Fluor 20X (Nikon, Melville, NY) objective, while
images were captured with a Powerview 4MP-HS CCD
camera (TSI Inc., Shoreview MN). One hundred image
pairs were captured for each shear rate before processing in
Insight 4G (TSI Inc., Shoreview MN). Polysterene micro-
particles (Thermo Fisher Scientific, Waltham, MA) of 1 pm
diameter and 540/560 nm excitation/emission spectra were
seeded at 2% concentration in ultrapure water and excited
with an Nd:YAG 532 nm laser (New Wave Research, Inc.,
Fremont, CA). Real-time immunofluorescence images were
acquired during perfusion with an Olympus inverted micro-
scope and CMOS camera (Olympus, Tokyo Japan) at a rate
of 1 frame per second and an exposure time of 100 ms. A
20x/0.40 objective lens was used with a pixel resolution of
0.293 pm/pixel. The corner of the step was moved to the
center of the field of view using the digital reticle tool in
CellSens (Olympus, Tokyo Japan), to ensure simultaneous
image capture of all regions of interest. A schematic of the
microscopy experimental setup is shown in Fig. 1C with
the light path through the microfluidic device illustrated in
Fig. 1D.

Image Analysis, Statistics

Images were processed with a custom FIJIT macro (NIH,
Bethesda MD) and MATLAB (Mathworks, Natick MA).
Fluorescent images were converted to binary, and SAC was
quantified. Channels were divided into quadrants for pro-
cessing (Fig. 1B). Quadrants were chosen to evaluate the
effects of flow deceleration at the step. Using the corner of

the step as a reference point, quadrants were digitally deline-
ated as regions of interest in FIJI, and processed individu-
ally. For every frame of each region of interest, the “Analyze
Particles” tools was used to acquire the number of thrombi,
total thrombus area, mean thrombus area (MTA), and %
surface area coverage (% SAC). Statistics were analyzed in
GraphPad Prism (GraphPad, San Diego CA) using two-way
ANOVA, Kruskal-Wallis, and Holm-Sidak or Mann-Whit-
ney U tests where appropriate. Significance is presented as
n.s. (p>0.05), * (p<0.05), ** (p<0.01), ¥** (p<0.001),
or ***% (p <0.0001).

Results

Effect of Hematocrit and Shear Rate on Platelet
Deposition

Hematocrit (HCT) was observed to have a significant effect
on platelet deposition and morphology, particularly in con-
junction with high shear rates. Representative images of the
control conditions investigated in the SE channel are shown
(Fig. 2), in which it can be observed that deposition follows
the streamlines (Supplemental Fig. 2) within the step region.
This distal step region (Q3) promoted platelet adhesion due
to flow separation and deceleration, as observed in the rep-
resentative image for 60% HCT at 5000 s~! (Fig. 2). This
region typically the site of highest platelet adhesion, for both
control and A2A9-modified samples. Representative images
of A2A9-modifed samples are shown in Fig. 3. The step
feature itself acted as a nidus for initial platelet adhesion and
subsequent aggregate formation, as seen at 10,000 s™! for
both representative 60% HCT images (Fig. 2-3). The corner
was the site of the sharpest shear rate gradient, promoting
rapid, localized aggregate formation in 50-85% of control
samples and, to a lesser degree, some A2A9-modified sam-
ples. Hematocrit was observed to have a notable effect on
platelet deposition that was compounded by deceleration
of flow (Supplemental Table 3). SAC was assessed in each
image frame, illustrating thrombus growth rates for all con-
ditions (Fig. 4). At 5000 and 10,000 s~! adhesion of control
samples rapidly exceeded adhesion of A2A9 modified sam-
ples within the first 30-60 s of perfusion. At 1000 s~!, the
gap in adhesion rates between control and A2A9-modified
samples was less evident within this time frame. As SAC
surpassed 10% coverage, embolization became more com-
mon (Fig. 4) due to the greater drag profile of larger thrombi.
Values used to compare adhesion between conditions and
statistically analyze data were taken from the final frame of
acquisition (Fig. 5-7).

Overall adhesion of platelets (SAC) within the collagen
coated SE channel was affected by hematocrit at all shear
rates, and the increase in deposition was most pronounced
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Rep. Control (o] 20HCT 40 HCT 60 HCT
Images

- ----

5,000 st
10,000 s

Fig.2 Representative images of control (unmodified by A2A9) blood sample deposition after 5 min of perfusion. Dotted red lines denote chan-
nel boundaries. N=7-9, n=9-14. Scale bar=50 pm

Rep.A2A9 (o] 20HCT 40 HCT 60 HCT
Images

- ----

5,000 st
10,000 s

Fig.3 Representative images of A2A9-modified (ouy,By-inhibited) blood sample deposition after 5 min of perfusion. Dotted red lines denote
channel boundaries. N=6, n=6-11. Scale bar=50 pm

in Q3 (Fig. 5). Control blood samples at 20, 40, and 60%  and shear rate were significant factors in increased MTA for
HCT all displayed shear-dependent increases in surface cov-  all control conditions, in all regions of interests (Fig. 6, Sup-
erage and MTA. Inhibition of oy, by A2A9 incubation  plemental Table 2). Hematocrit was a significant factor for
resulted in reduced platelet deposition for all conditions. A all quadrants in driving increased SAC, while shear rate was
two-way ANOVA analysis indicated that both hematocrit  a significant factor only in Quadrant 3 (Fig. 5). Hematocrit
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Fig.4 Timelapse of platelet deposition in each processing ROI over 5
min of perfusion. Columns separate data by shear rate (1-10,000 s™)
while rows denote processing ROI (Q1-3). Each window shows the

was strongly correlated (p <0.0001) to increased throm-
bus formation of unmodified blood samples for all regions
of interest. Shear rate was significant in Q3 and was still
a contributor to increased deposition in Q1 and Q2, while
not reaching statistical significance (Fig. 5). For A2A9-
modified samples, hematocrit was also a significant factor
in increasing platelet deposition, albeit to a lesser degree.
Sixty percent HCT permitted moderate platelet deposition in
spite of the A2A9 treatment, suggesting a weakening of the
blocking effects on platelet adhesion and aggregation when
opposed by elevated HCT. Conversely, shear rate was also
significant in that a negative correlation was observed in 0,
20, and 40% HCT, with no correlation seen at 60% HCT.
Kruskal-Wallis tests were subsequently performed to con-
firm these findings. The significance of increasing hemato-
crit as a predictive variable for each shear rate can be found

SAC (%) for the four HCT levels with both control and A2A9-modi-
fied samples. Images taken at 1 frame per second. Data are presented
as mean + SEM

in Fig. 5. Pairwise comparisons between conditions can be
found in the attached Supplementary Information. Shear rate
was found to only be statistically significant for deposition
of control samples at 40 and 60% HCT in Q3. For A2A9-
modified samples, inverse correlations with shear for 20 and
40% were found to be statistically significant in Q1 and Q2.
Pairwise comparisons between control and A2A9-modified
samples were made by the Mann-Whitney U test. While
platelet deposition for control samples was consistent at all
conditions, statistically significant differences were observed
primarily in 40 and 60% HCT conditions. Notably, statistical
significance was not achieved in pairwise comparisons at
1000 s~! in the Q3 region for 40 and 60% HCT.

Increasing hematocrit and increasing shear rate both
resulted in the formation of large platelet aggregates,
as measured by MTA. Increasing hematocrit resulted in
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Fig.5 SAC (%) in each processing ROI after 5 min of perfusion of
control (left column) and A2A9-treated (right column) samples. Data
are presented as mean + SEM. Significance of increasing hematocrit
as a predictive variable was assessed at each shear rate by individual
Kruskal-Wallis tests within groups. Inset boxes display results of two-

larger thrombus surface deposits in control blood samples
(Figs. 6, 7). SIPA behavior was observed at 20, 40, and
60% HCT. A two-way ANOVA assessment was used to
assess the effect of hematocrit and shear rate on thrombus
morphology (Supplemental Table 2). For control samples,
hematocrit was a significant factor in MTA, particularly
in Q3 (Fig. 6). However, contrary to thrombus SAC, MTA
was affected primarily by increasing shear rate, with the
greatest effect seen in Q3 (p<0.0001). For A2A9-modified
samples, hematocrit and shear rate were significant factors
only in the Q3 region. SIPA behavior was still observed in
A2A9 samples, but only for 40 and 60% HCT blood and to
a lesser degree than in control samples (Fig. 7). Visually,
thrombus growth occurred preferentially along streamlines
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as platelets were added to the distal ends of adherent
microthrombi. Deposition also occurred frequently at the
step for control samples (Fig. 8). Again, internal Kruskal-
Wallis tests were performed to confirm these findings. The
significance of HCT at each shear rate can be observed in
Fig. 6. Shear rate was found to be a statistically significant
factor in MTA of control samples at 20, 40, and 60% HCT
for all regions of interest. In A2A9 samples, shear rate
was significant only for 40 and 60% HCT in Q3. Pairwise
comparisons between control and A2A9-modified sam-
ples were made by the Mann-Whitney U test (Supplemen-
tary Information). Statistically significant differences in
MTA between control and A2A9-modified samples were
observed for 20, 40 and 60% HCT for all conditions.
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Control

: © A2A9

10,000 s*

Fig.8 Deposition frequency across all conditions at 40% HCT. Fre-
quency maps are constructed from overlaid binary images of the final
frame after 5 min of perfusion. After filtering, processing, and thresh-
olding in FIJI, individual binary images were overlaid and converted

Effect of Shear Rate Gradient on Platelet Deposition

The sudden expansion model was divided into three process-
ing regions to assess the relationship between local fluid
dynamics and platelet deposition. The three quadrants (Q1,
Q2, and Q3) each had different velocity profiles (Supple-
mental Fig. 1, S3). The velocity profile in Q1 is similar to
Poiseuille flow in a straight channel. Q2 is characterized
by a moderate, nearly linear deceleration as the velocity
approaches 50% of the upstream velocity. Q3 is the most
complex flow, with a rapid zone of deceleration in the corner
pocket region furthest from the step, and more moderate
negative shear gradients towards the center of the channel
(Supplemental Fig. 4, Supplemental Table 3). Kruskal-
Wallis analyses did not reveal any significant differences
between these quadrants, although trends were apparent.
Platelet deposition (% SAC) tended to be highest in Q3 for
both control and A2A9-modified samples (Figs. 4, 5), and
HCT-mediated deposition of A2A9-modified samples at
5-10,000 s~! was significant only in Q3 (Fig. 5, Supple-
mental Table 2). While quadrant selection seemed to play
no role in MTA for control samples, larger thrombi did tend
to form in Q3 for A2A9-modified samples (Figs. 6, 7). To
provide a more detailed depiction of thrombus formation
sites in the channel, a frequency map of deposition for all
40% HCT conditions is provided (Fig. 8).

Effects of Margination vs. Increased Shear Stress

To further support that the hematocrit-dependent increases
in thrombus formation were tied to platelet margination and
not entirely a result of increased shear stress (Supplemental
Table 1) due to corresponding increases in viscosity, control
experiments were performed using PRP-glycerol analogs.
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into a stack by using the step as a reference. Average intensity was
then calculated to obtain frequency values. Calibration bar for fre-
quency is found on the left of the image. Red lines denote channel
boundaries. Scale bar=50 pm

Perfusion of these 20, 40, and 60% HCT analog mixtures
showed no increase in platelet adhesion relative to 0% HCT
samples (Supplemental Fig. 5).

Assessment of Donor Variability

In order to account for variability between donors, data were
normalized to a platelet concentration of 300 * 10° /mL
from the recorded concentrations for each donor. Individual
data from experiments run for each donor were “platelet-
corrected” and compared (Supplemental Fig. 6). No signifi-
cant differences were detected in pairwise comparisons of
raw and platelet-corrected data. Data from male and female
donors were separated and compared to detect any sex-spe-
cific differences (Supplemental Fig. 7). Pairwise compari-
sons revealed slightly higher platelet adhesion on average
for male donors than female donors, but none of these dif-
ferences reached statistical significance. Male thrombi were
also larger on average than those of female donors, with dif-
ferences of 6.9, 78.2, 86.8, and 41.1 % at 10,000 s™! for 0, 20,
40, and 60% HCT control samples, respectively. These dif-
ferences were statistically significant for 20 and 40% HCT.
Despite these differences, the observed increases in SAC and
MTA as aresult of increasing HCT and shear rate remained
statistically significant for both male and female donors.

Investigation of Additional Biochemical
Mechanisms of Aggregation

To ensure that the observed SIPA and increased platelet
adhesion was due to mechanical contributions of red blood
cells mediated by oy, By, experiments blocking the func-
tion of the GPIb receptor and red blood cell secretion of
ADP were conducted (detailed methodology available in
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Supplementary Information). ADP-depleted ghost red blood
cells were used to reconstitute blood at 20-60% HCT, dis-
playing comparable adhesion to unmodified control samples.
There were no significant differences in SAC between ghost
cell and control samples at any HCT, shear rate, or within
any region of interest (Supplemental Fig. 10). Modestly
decreased aggregation was observed, though a statistically
significant reduction in MTA was detected only for 40%
HCT at 5000 s’! in the QI region. For all other conditions,
aggregation of ghost cell samples was either significantly
higher than that of control samples (60% HCT at 1000 s,
in Q1 and Q3 regions), or not significantly different (Sup-
plemental Fig. 11). In GPIb-blocked samples, SAC was sig-
nificantly reduced for all conditions at shear rates exceeding
1000 s~! (Supplemental Fig. 10). Platelet adhesion was nota-
bly absent at these shear rates. Aggregation was also absent,
except for the Q3 region. MTA of control and GPIb-blocked
samples were comparable for both 40 and 60% HCT at 5000
s™!, and 60% HCT at 10,000 s! (Supplemental Fig. 11).
This aggregation occurred despite systemic loss of platelet
adhesion, and in the same location within the step of the
sudden expansion (Supplemental Figs. 12-14).

Discussion

Microfluidic flow chambers have become ubiquitous in con-
ducting assays of platelet adhesion and clot formation. Here,
we modeled a sudden expansion to induce flow separation
and nonphysiological flow patterns observed in mechanical
circulatory support devices [28-30, 32] and used real-time
immunofluorescent microscopy to capture platelet adhesion.
This geometry introduced flow perturbations that are charac-
teristic to benchtop [27, 30, 32] and numerical [10, 26, 28,
29, 48] models of device-induced thrombosis. The negative
shear gradient experienced by platelets at the expansion was
a nidus for clot formation, approximating the disturbed flow
of device-induced thrombosis in a more relevant way than
the idealized parallel plate chamber. The most severe shear
rate gradient was imposed at the step feature itself—leading
to localized aggregate formation visible in representative
images (Figs. 2, 3) and deposition map (Fig. 8). This shear
rate gradient promotes rapid unfurling of vWF multimers
due to increased intra-multimer tension [25]. This sharp
spike in shear rate at the step followed by deceleration in
Q3 (Supplemental Fig. 4) mediates localized aggregation
through rapid unfurling and increased adhesion to colla-
gen. While feature-induced adhesion has been observed in
previously discussed models of 90° expansions, this bind-
ing behavior has not previously been tied to oy, func-
tion. Flow rates were prescribed to approximate the shear
forces experienced by platelets in arterial, pathological, and
device-relevant flow environments. A homogenous collagen

surface [44] was used as a proven adhesive substrate for
platelet adhesion. Reconstituted blood of variable hemato-
crit was perfused in this model to determine the effect of
hematocrit on platelet adhesion and aggregation mediated
by the oy By integrin. While red blood cells are known to
play a critical role in platelet-wall transport, the effect of
elevated hematocrit at supraphysiological shear rates has not
previously been demonstrated. The importance of oy By is
highlighted to play a crucial and previously uninvestigated
part in shear-induced platelet aggregation, where vVWF is the
primary ligand rather than fibrinogen. The antiplatelet effect
of a known aggregation inhibitor was modestly neutralized
by elevated hematocrit and a region of flow deceleration that
increased the rate of platelet capture.

At supraphysiological shear rates, large, platelet-rich
thrombi form due to vWF-mediated platelet adhesion,
and subsequent activation [38] and shear-induced platelet
aggregation, or SIPA [7] mediated by GPIb. Thus far, the
roles of erythrocyte-induced platelet margination and the
oPy integrin have yet to be defined within the realm of
SIPA. In this study, the effects of supra-physiological shear
rate, hematocrit, and the contribution of oy, B have been
investigated. At all shear rates, the need for red blood cells
to facilitate platelet adhesion through margination was fur-
ther validated in support of previous studies [19, 21, 49,
50]. Elevated hematocrit increased not only the quantity of
adherent platelets but also the likelihood of aggregation to
an existing microthrombus. Elevated hematocrit can result
from congenital heart defects, dehydration, or diseases such
as polycythemia vera (PV) [51]. Conversely, reduced hema-
tocrit, approximated by the 20% HCT condition, has been
documented in anemic and VAD patients [52], and those
with blood or bone marrow disorders. Long ef al. describe
reduced hematocrit of pediatrics ranging from 20 to 60%
[53]. Large variance in hematocrit has been recorded due to
these conditions as well as a result of clinical intervention
such as through infusions, or device-induced blood damage.
Adhesion at 20% HCT was notably reduced compared to the
physiological (40%) HCT condition, and the elevated (60%)
HCT condition slightly increased platelet surface coverage.
Alternatively, blood samples modified by monoclonal anti-
body A2A9 displayed neutered adhesive behavior as a result
of oypPyyy inhibition. The A2A9 antibody competitively
inhibited [40] oy, P binding sites for the arginylglycylas-
partic acid (RGD) binding motifs present on vWF [54] and
fibrinogen [55]. For A2A9-modified blood samples, increas-
ing hematocrit still resulted in increased surface coverage by
adherent platelets. This was particularly evident when HCT
increased from 40 to 60%, and in the steep deceleration of
flow in Q3, both modestly compensating for oy, By blocking
relative to lower HCT or other regions.

The results of this work are similar to those reported
by Chen et al. [50], in that shear-mediated adhesion was
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permitted only by 40 and 60% HCT. However, key dif-
ferences distinguish the two studies. First, the adhesive
substrate used here was immobilized collagen rather than
immobilized vWF, requiring localized adhesion, unfurling,
and platelet tethering to occur prior to extensive thrombus
formation. Second, Chen et al. inhibited the activation and
aggregation responses of platelets, studying only GPIb
interactions with immobilized vWF. This resulted in only
singular platelet adhesion, without the formation of micro-
thrombi. The work presented here is more comparable to
the experiments performed by Spann et al. [49], in which
the authors investigated the effect of HCT on vWF-GPIb
and vWF-oy, By adhesion to collagen. While this study
[49] provided valuable insight into mechanisms of arte-
rial hemostasis, the lack of supraphysiological shear rates
investigated highlighted a gap in knowledge as to whether
this mechanism was relevant to SIPA. The study presented
here aimed to address this less commonly investigated flow
condition—investigating both platelet adhesion and micro-
thrombus formation induced by elevated hematocrit at shear
rates surpassing those found in arterial circulation. Elevated
hematocrit caused an increase in platelet aggregation that
was not described in the works of Vignoli et al. [51], which
studied the effects of PV on platelet adhesion at arterial
shear, or in Walton et al. [19], which investigated rates of
arterial thrombus formation in murine and in vitro micro-
fluidic models. While these studies effectively demonstrated
a dependence on red blood cells for effective platelet mar-
gination and adhesion, little consideration was given to the
contribution of red blood cells to SIPA. Additionally, the
few studies that have investigated the effect of hematocrit in
a system of disturbed flow have not reported the effects on
thrombus formation [56] or have focused on physiological
shear rates [21].

The molecular events preceding SIPA have been studied
extensively [25, 50, 57, 58], and recent work has investigated
SIPA formation at multiple scales [7, 8, 13, 35, 36]. vWEF-
GPIb bonds have been highlighted as a primary mechanism
of SIPA, as high shear flow elongates vWF multimers and
encapsulates platelets [35]. In this platform, these vVWF-
GPIb bonds in the absence of ay,f; function were insuf-
ficient to mediate notable increases in microthrombus size,
or elevated platelet adhesion, contrasting with recent con-
clusions postulated by Liu et al. [7, 35]. While these works
demonstrated an activation-independent reliance on GPIb
for rapid platelet adhesion and recruitment, the extremely
short time scale (~10ms) limited understanding of the STPA-
related mechanisms beyond microthrombus initiation. Later
stage aggregation and resistance to embolization over 5 min
of perfusion in this system were shown to not only be oy, ;-
dependent but enhanced by flow deceleration at the step.
This is more in line with the thrombus growth demonstrated
by the same group [13] at a larger scale, in which longer time
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scales permitted large, vVWF-rich thrombus formation at the
outlet of a stenosis. By calculating both SAC and MTA,
trends in binding behavior were observed that could not
occur within the millisecond timeframe of initial platelet
tethering reported in previous studies. SAC measured the
overall adhesion of platelets to the channel, whether to col-
lagen or to existing thrombi. MTA was used to differentiate
between these two binding locations—larger thrombi indi-
cated aggregation while smaller thrombi indicated primar-
ily platelet adhesion to collagen. The results presented here
demonstrate that this is made possible through integrin bind-
ing following the prerequisite initial tethering of platelets
through vWEF-GPIb bonds.

In this model, increasing hematocrit significantly
increased deposition of platelets onto collagen (100 pg/mL)
at shear rates of 1000, 5000, and 10,000 s™!. Platelet deposi-
tion at 0% HCT was negligible, while increases in deposi-
tion were observed when HCT increased from 20 to 60%,
particularly in Q3, the step region. Increasing hematocrit
and shear rate also influenced thrombus morphology and
size, as measured by MTA. Platelets that initially adhered to
collagen were individually resolvable (68 pixels), but these
changes in binding behavior were characterized by overall
trends within the system. At higher shear rates and hemato-
crit, large thrombi grew rapidly in separated pockets. These
contiguous deposits are visible in both representative images
(Figs. 2, 3) and the deposition frequency map (Fig. 8). At
arterial shear rates and reduced hematocrit, thrombi were
more evenly distributed but much smaller, reflected in the
reported MTA. This change in MTA highlights a shear
threshold at which platelet binding shifts primarily from
platelet-collagen bonds to platelet-platelet bonds. The shear
range at which this occurs is in agreement both with experi-
mental observations of SIPA [7, 9, 59, 60] and molecular
studies of vWF-unfurling thresholds [4, 17, 57, 61], fur-
ther supporting that shear-induced thrombi are vWF-rich
in nature [13]. This ties closely to conditions observed in
MCS devices, where high shear rates cause vWF-mediated
platelet adhesion to be dominant [11]. In A2A9 experiments
this effect was greatly reduced, although a modest shear-
related increase in MTA was observed for 40 and 60% HCT
in the Q3 region. SIPA mediated by short-lived GPIb bonds
in this region might be made possible due to longer resi-
dence times for lower shear rates, increasing the likelihood
of microthrombus stabilization. For A2A9-modified samples
perfused at 5000 and 10,000 s~!, HCT played a significant
role in only the Q3 region. At 1000 s™', HCT affects adhe-
sion in the Q2 region, which aligns with the more gradual
flow deceleration in this quadrant relative to Q3.

Increasing shear rate was negatively correlated to depo-
sition of the A2A9-modified samples, particularly in the
QI region where there was no flow deceleration. Increas-
ing shear rate decreased the platelet-collagen exposure time
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and thus the likelihood of permanent adhesion. Transient
adhesion, translocation, and subsequent embolization of
individual platelets were observed during real-time imag-
ing of A2A9 experiments (Video available in Supplemen-
tary Information). This is congruent with understanding of
the GPIb receptor [4, 7, 22, 35], which mediates short-lived
bonds through vWF tethering and platelet rolling. When the
function of the oy, B receptor was blocked, flow-induced
activation did not induce platelet spreading and thrombus
stabilization. Some platelets were able to adhere perma-
nently over the course of the experiment, likely due to GPVI
bond stabilization [21, 62]. Increasing HCT increased the
number of platelets that did so, due to an increase of the
near-wall platelet population [19, 63]. In the Q3 region, the
steep deceleration relative to the other quadrants increased
the platelet-wall contact time, and thus, the likelihood of
stabilization.

Sudden 90° expansions characteristic to device-induced
thrombosis [26, 28, 29] or the distal outlet of a stenosis [16,
59], have been used previously to identify shear and trans-
port conditions favorable to platelet adhesion [21]. Within
the SE model presented here, the effects of increasing shear
rate and HCT for both SAC and MTA were enhanced in the
Q3 region, for both unmodified and A2A9-modified sam-
ples. The negative shear rate gradient imposed within the
expansion decelerated flowing platelets, increasing exposure
time and subsequent adhesion. While HCT-mediated deposi-
tion in all control experiments was increased, more might be
gleaned by observing the adhesive behavior of the A2A9-
modified platelets. Due to oy, fyy; inhibition, platelet adhe-
sion at these shear rates is dependent primarily on short-
lived vWF-GPIb interactions [63]. Increasing HCT had the
dual effect of enhancing the platelet population that might
be tethered transiently by vWF and increasing the contact
time with existing thrombi to permit stabilization [19]. This
was compounded by deceleration in the Q3 region, which
permitted both HCT-enhanced platelet margination to the
step corner and a higher residence time, resulting in adhesive
behavior similar to that observed in other in vitro models of
90° expansions [21, 26, 28, 30]. As a result, a HCT-depend-
ent increase was observed for A2A9-modified samples at
5000 and 10,000 s™! in the Q3 region. Similarly, shear rate
was strongly correlated with increased SAC of control sam-
ples for 40 and 60% HCT samples and in the Q3 region.
Given long enough formation times and adequate shield-
ing from embolization-inducing hydrodynamic drag, vWF-
GPIb bonds alone might be sufficient for SIPA, as reported
by Kim et al. [13]. Deposition within the BFS model was
observed to follow flow streamlines for both control and
A2A9 experiments. Figure 8 provides further context by
overlaying binary images of all experiments at 40% HCT
to produce a representative frequency map. To confirm that
this was not due to a realignment of collagen induced by

high shear flow, validation images were taken in separate
channels after staining for collagen. No notable change in
the fluorescent intensity of the labeled collagen film was
observed as a result of perfusion, and the film remained
homogenously distributed (Supplemental Figs. 8-9).

The inclusion of a 60% HCT condition was useful as an
assessment of the effect of elevated HCT over the physi-
ological norm on platelet adhesion. Here, we observed that
60% HCT did not significantly increase platelet adhesion
or MTA in unmodified blood samples compared to 40%
HCT. This falls short of the in vitro and in vivo clotting
enhancement reported by Walton et al. [19], in which 54%
HCT resulted in larger thrombi and increased clotting speed.
However, the similar SAC of thrombi formed by perfusion
of unmodified 40 and 60% HCT is in agreement with the
venous and arterial models presented by Lehmann et al. [21]
and Chen et al. [50], respectively. The most notable differ-
ence between thrombi formed by 40 and 60% HCT blood
was the difference in both SAC and MTA of A2A9-modified
samples (Figs. 5, 6, 7). When oy, By function was inhibited,
60% HCT blood did mediate increased platelet deposition
relative to 40% HCT, indicating that GPIb-vWF adhesion
was also increased due to elevated HCT. However, the loss
of SIPA behavior in A2A9 blocked samples, as measured
by both SAC and MTA, indicates that while GPIb-vWF
bonds might dominate platelet adhesion at arterial shear
rates, their ability to permit SIPA at supraphysiological
shear is diminished greatly without subsequent stabiliza-
tion by oy, -vWF bonds. This effect was independent of
biochemically-induced platelet activation as blood citration
was not reversed in this assay, preventing triggering of the
coagulation cascade.

To provide further support for the reported trends, a
control study was conducted in which PRP-glycerol mix-
tures were created to match the viscosities of 20, 40, and
60% HCT blood samples. This would ensure that increased
platelet deposition was a result of platelet margination and
not simply the result of increased shear stress relative to
the 0% HCT case. Experiments conducted on these mix-
tures revealed no observable differences between platelet
deposition of the PRP-glycerol or 0% HCT blood [Sup-
plemental Fig. 5]. Thrombus formation was negligible for
all conditions, demonstrating that the increase in viscos-
ity corresponding to hematocrit levels was not responsible
for the observed increase in thrombi formation reported
here (Supplemental Table 1). While a positive correlation
between elevated shear stress and increased platelet activa-
tion has been demonstrated thoroughly [64, 65], a lack of
any increased deposition in this case indicates that elevated
shear stress alone does not result in either increased platelet
deposition or altered thrombus morphology. In blood experi-
ments, we observed SIPA behavior in control samples at 40
and 60% HCT, but no such behavior when HCT (0 or 20%)
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was too low for effective platelet margination. Sufficient
margination of platelets to the wall is a necessary prerequi-
site condition for increased platelet adhesion as a result of
elevated shear stresses.

The depletion of ADP from ghost red blood cells allowed
for the separation of biochemical and physical effects of red
blood cells under supraphysiological shear rates [66]. Pre-
vious studies investigated shear-induced RBC secretions
have reported complete loss of aggregation when ADP-
consuming enzymes are used to prevent platelet-ADP sign-
aling [67, 68]. Platelet adhesion, as measured by SAC, was
entirely unaffected by reconstitution with ghost cells rather
than native red blood cells (Supplemental Fig. 10). A lack of
ADP secretion did not cause any reduction in overall plate-
let adhesion, further supporting that initial microthrombus
formation at these shear rates is an entirely vWF-dependent
process, in which platelet delivery to the vWF capture region
is mediated by physical forces applied by red blood cells.
Platelet aggregation (MTA) was mildly reduced in the pres-
ence of ghost cells, but this reduction was statistically sig-
nificant at only one condition (Supplemental Fig. 11). MTA
was most comparable at 5-10,000 s~ between the 60% HCT
unmodified and 60% HCT ghost cell conditions (Supplemen-
tal Fig. 12). Notably, SIPA was still observed as shear rate
increased from 1000 to 10,000 s, and aggregation increased
with increasing HCT. These data indicate that while ADP
secretion might enhance SIPA, particularly when HCT is not
elevated, physical forces on platelets are principally respon-
sible for the aggregation reported, rather than biochemical
signaling from red blood cells.

The inhibition of the GPIb receptor caused a dramatic
drop in overall platelet adhesion (Supplemental Fig. 10) at
5000 and 10,000 s~!. SAC of GPIb-blocked and unmodified
control samples was comparable at 1000 s!, particularly at
60% HCT. This loss in adhesive capability was unsurprising,
attachment of platelets at shear rates above this critical shear
rate threshold of 1-1500 s~! is dependent on fast-acting
GPIb bonds that facilitate transient tethering prior to firm
adhesion. Due to this lack of adhesion, MTA was similarly
reduced drastically, as platelets did not permanently adhere
to permit aggregation (Supplemental Fig. 11). The notable
exception was the step region in Q3 (Supplemental Fig. 12);
as local shear rates dropped below this critical shear rate
threshold, deceleration permitted temporary platelet bind-
ing through GPIb-independent mechanisms (Supplemen-
tal Figs. 13—14). Following this, aggregation consistently
occurred within this specific region, reaching thrombus sizes
equal or greater to that of control samples. This behavior was
observed at 5000 s! for both 40 and 60% HCT, and at 10,000
s~! for 60% HCT. SIPA was consistent between samples at
supraphysiological shear rates, as long as margination was
sufficient and the local shear rate dropped below the criti-
cal shear rate threshold at which GPIb-dependent tethering
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occurs. GPIb-vWF binding is needed to permit any adhe-
sion when the local shear rate exceeds this threshold, but
aggregation will occur through oy, f;;;-vWF binding if the
prerequisite initial platelet layer is allowed to form. On the
contrary, while oy, By permits limited platelet adhesion at all
the investigated shear rates, SIPA is substantially prevented.

Additional validation tests were run post hoc, by nor-
malizing SAC of individual donors with a correction factor
based on the mean platelet concentration, and by separating
male and female donors. Both of these assessments dem-
onstrated that the trends observed had no dependence on
bulk platelet concentration, or donor sex, despite reduced
deposition in female donors relative to male.

There are limitations in this study. First, blood samples
were not recalcified. This was done intentionally to elicit
platelet-surface responses without inducing occlusive throm-
bus formation, but it would be physiologically relevant to
replicate the study with an on-chip upstream mixing fea-
ture to recalcify blood samples and investigate the same
effect. For experiments involving PRP-glycerol mixtures,
while platelet adhesion was shown to not be increased by
increasing shear stress alone, platelet activation was not
assessed. As blood from male donors resulted in notably
larger thrombi than those produced from the blood of female
donors, it is possible that there were some differences in
platelet activity or plasma protein levels between sexes that
was not determined. Finally, plasma vWF levels were not
measured in donors. While donors were screened for bleed-
ing disorders, it would be informative to assess the effect
of plasma vWF concentration of microthrombus variability.

Conclusions

This study investigated a number of parameters that con-
tributed to platelet deposition within a sudden expansion
channel. The effect of hematocrit on thrombus surface depo-
sition and adhesive behaviors was investigated at arterial,
pathological, and device-relevant shear rates. Within this
sudden expansion framework, hematocrit, shear rate, and
selective inhibition of the o,y receptor were observed to
be the driving factors in determining the degree of platelet
deposition.

1. Reduction of hematocrit from physiological (40%) to
20% reduced platelet adhesion. Elevated (60%) hemato-
crit increased platelet adhesion relative to 40%. Forma-
tion of large aggregates through shear-induced platelet
aggregation was dependent on 40% or 60% hematocrit
at 5000 and 10,000 s~

2. Increasing shear rate and hematocrit interacted to form
larger thrombi as a result of overall binding behavior
shifting to preferential platelet-platelet interactions
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rather than singular platelet-collagen interactions. This
suggests the presence of a switch in platelet adhesion
from collagen binding to aggregation that can be trig-
gered by a combination of hematocrit and shear rate,
a potentially useful finding in optimizing antiplatelet
therapeutic agents for MCS patients. This shift in bind-
ing behavior is permitted by the oy, 3, receptor.

3. Platelet adhesion within this supraphysiological shear
range is also tied strongly to integrin function. When
o, Brr Was inhibited, dramatic reductions in platelet
deposition were observed. Elevated hematocrit still pro-
moted modest platelet adhesion in opposition to oy, By
inhibition, particularly in the step region of the sudden
expansion where flow deceleration occurred.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12195-024-00796-0.
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