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Abstract

Elevated shear force caused by an anastomotic stenosis is a common complication at the blood
vessel-vascular implant interface. Although elevated shear forces were found to cause platelet
aggregation around a stenotic region, transient platelet exposure to elevated shear forces and
subsequent downstream events occurring under lower shear force were not extensively studied. We
hypothesize that effects of elevated shear forces on pre-activation of platelets for downstream
adhesion and activation are relevant in understanding the increased thrombotic risk associated with
blood-contacting devices. We designed a microfluidic flow system to mimic the hemodynamic
environment of vasculature with an upstream anastomotic stenosis with five wall shear strain rates
ranging from 1620 s™1 to 11560 s~1. Under shear flow conditions, transient exposure of whole
blood to elevated shear forces resulted in higher downstream platelet adhesion onto three different
immobilized platelet agonists: fibrinogen, collagen, or von Willebrand factor. Platelet expression
of four activation markers (P-selectin, GPIIb/111a, lysosomal glycoprotein, and phosphatidylserine)
significantly increased after transient exposure to higher upstream wall shear strain rates of 2975 —
11560 s~1. A significant lysis was observed when platelets were primed by upstream wall shear
strain rate of 11560 s™1. These experimental results could be helpful to understand how altered
hemodynamics around an anastomotic stenosis promotes thrombus formation downstream.
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1. Introduction

Cardiovascular disease is often treated through the surgical implantation of vascular devices.
When a device such as a synthetic small-diameter vascular graft is implanted into the
vasculature, there are two anastomotic regions where the native vessel is joined with the
synthetic material. Due to intimal fibrous hyperplasia, vascular grafts sometimes become
stenotic (narrow) either at the anastomotic regions or along the inner wall of the grafts [1-3],
leading to elevated shear forces on flowing platelets. Such higher shear forces have been
shown to increase platelet concentration near the wall [4], and to induce intracellular
signaling cascades characterized by binding of von Willebrand factor (vWF) to glycoprotein
GPlba [5], Ca?* mobilization [6,7], actin polymerization and cytoskeletal rearrangements
[8], protein kinase C expression [9], and GPIIb/ll1a activation [10]. Mechanical damage of
platelets due to elevated shear forces may cause lysis [11], resulting in the release of
procoagulant factors. In the case of damaged vessel endothelium, platelets will interact with
collagen of exposed subendothelium through their surface receptors GPVI and GPla/lla. If
the surface of a vascular device is not perfectly passivated, plasma proteins, including
fibrinogen and VWF, will adsorb to the surface within few seconds upon exposure to blood
[12,13]. Platelets will interact with these surface adsorbed agonists using their receptors
GPIIb/1lla and GPIb-IX-V. Binding to these three agonists, as well as shear induced platelet
lysis will trigger the activation of platelets. During the activation platelets undergo a series of
morphological changes [14] and release procoagulant factors from their granules [15,16],
which stimulate further platelet recruitments, activation, aggregation and ultimately a
thrombus formation.

Various techniques have been used to assess platelet function 7 vitro. To assess the effects
of elevated shear forces on platelet function, research labs have typically used a cone- and-
plate viscometer or closed-loop recirculation system [17-19]. In such platelet tests, a steady-
state shear flow condition is created, i.e., there is zero shear gradient across the flowing
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blood. However, it has been shown that the majority of platelet interactions at a flowing
blood-vascular implant interface are transient [20,21], similar to the transient platelet
exposure to an elevated shear force caused by an anastomotic stenosis. Even though several
studies applied single-pass perfusion system using microfluidic devices [22-27], it is the
transient platelet exposure to elevated shear forces and subsequent downstream events
occurring under normal shear exposure that have not been thoroughly investigated.

Shear gradients generated by transient flow acceleration and deceleration induce mechanical
sensing in circulating platelets which has a significant role in causing their aggregation
around a stenotic region [23,26,27]. Here, we address another fundamental question: how
platelets, after transient passage through an upstream stenotic region, interact with an
imperfect vascular implant surface placed downstream. We hypothesize that the transient
exposure to an elevated shear force (i.e., shear gradient) pre-activates (a.k.a. “primes™)
platelets for enhanced downstream adhesion and activation, the events that are dependent on
the hemodynamic conditions around a stenotic region. We have previously found that
platelets can be primed even by moderately increased shear forces (i.e., wall shear strain
rates of 500 — 1000 s~1) for increased adhesion to the surface-immobilized capture agonists
[28]. However, at these moderately increased shear forces the expression levels of GPIIb/I11a
and lysosomal glycoprotein in perfused blood were not found to be significantly increased
[28]. Therefore, it remained to be investigated how highly elevated shear forces, typically
found in severe stenosis, prime platelets for downstream adhesion and activation.

The present study was designed to provide the answers to these questions by designing a
parallel array of flow channels in a microfluidic device that mimicked changes in
hemodynamic flow conditions experienced in a stenotic vascular graft anastomosis.
Anticoagulated whole blood was perfused through these flow channels where at the
downstream position one of the three platelet agonists (fibrinogen, collagen, or VWF) was
covalently immobilized to capture platelets primed upstream. Three different platelet
agonists, which served as a mimic of an exposed subendothelium or a procoagulant surface
of an implanted vascular graft, captured platelets by interacting with different platelet
receptors. Platelet adhesion to these capture regions was quantified by counting adhered
platelets using phase contrast microscopy. Downstream platelet activation was characterized
by flow cytometry of perfused blood in the absence of any capture regions using four
different activation markers (P-selectin, GPIIb/111a, lysosomal glycoprotein, and
phosphatidylserine). The effects of elevated shear forces on platelet lysis were determined
by a lactate dehydrogenase (LDH) assay. The results suggested that transient exposure to
elevated upstream wall shear strain rates (2975 — 11560 s1) primed platelets for
significantly higher downstream adhesion and activation, and caused significant platelet lysis
at the highest wall shear strain rate.

2. Materials and Methods

2.1. Flow channel preparation

Each flow cell, consisting of two parallel rectangular profile flow channels, was
manufactured by placing a silicone gasket (Medical Grade, 0.007”, BioPlexus, Ventura, CA,
USA) between a plasma-cleaned microscope slide (VWR International, Radnor, PA, USA)
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and a Nexterion-H slide (Schott, Tempe, AZ, USA) (Fig 1). Flow channel features were
patterned on the silicone gasket using a laser cutter (VLS3.60, Universal Laser Systems,
Scottsdale, AZ, USA). Flow channel dimensions were 1 mm wide, 0.18 mm high, and 70
mm long. Each flow channel contained an upstream stenotic region and a downstream
capture region. Stenotic regions were 10 mm in length. Capture regions were 25 mm
downstream from the end of the stenotic regions. The width of stenotic regions was varied
from 1.0 mm to 0.2 mm to create five different stenosis levels, from 0 to 80% stenosis
defined as:

(Winlet = W stenosis )
Stenosis (%) = W x 100

inlet

where Wjnet Was the width of inlet of the flow channels (1 mm) and Wgtenosis Was the width
of the stenotic regions. Control flow channel, a representative of small artery, did not contain
any upstream stenotic region (0% stenosis). Wall shear strain rates were calculated at a
constant volumetric flow rate by generating a three-dimensional model of each flow channel
in COMSOL Multiphysics (COMSOL, Inc., Burlington, MA, USA).

2.2. Preparation of downstream capture regions

The downstream capture regions (10 mm in length) were prepared to capture platelets
primed upstream by stenosis. Fibrinogen and vWF (Haematologic Technologies, Essex
Junction, VT, USA), and collagen I (Ibidi, Fitchburg, WI, USA) were covalently
immobilized on the surface of Nexterion-H slides. Nexterion-H slides are coated with a
poly(ethylene glycol) (PEG)-based polymer containing reactive N-hydroxysuccinimide
(NHS) esters, thus providing means for covalent protein immobilization via their —-NH,
moieties [29]. The proteins were deposited to the capture area by microcontact printing
described in detail elsewhere [30]. Briefly, a flat polydimethylsiloxane (PDMS, Sylgard 184,
Dow Corning, Midland, MI, USA) stamp was coated with a protein solution (fibrinogen 1
mg/mL, collagen 3 mg/mL, or vWF 10 pg/mL) for 10 min, allowed to dry under a stream of
nitrogen, and placed in contact with Nexterion-H slides for 1 hr. After that transfer time, the
capture region was rinsed in deionized water and dried under the stream of nitrogen.

2.3. Flow channel operation

Flow channels were connected to a syringe pump (Kent Scientific, Torrington, CT, USA)
using an Ismatec E-LFL tubing (wall shear strain rate of 30 s, Cole Parmer, Vernon Hills,
IL, USA). Connecting tubing was kept as short as possible to minimize any possible priming
effect. A solution of human serum albumin (HSA, 1 mg/mL in phosphate-buffered saline,
Sigma Aldrich, St. Louis, MO, USA) was perfused through each flow channel and incubated
for 1 hr at room temperature prior to blood perfusion. Covalently attached HSA served to
passivate the nonreacted regions of the glass substrates as well as the walls of each flow
channel and connecting tubing by physical adsorption.

Fresh whole blood was drawn via venipuncture from healthy human donors according to the
protocol approved by the University of Utah Institutional Review Board. Blood was drawn
into buffered 3.2% (0.105 M) sodium citrate and was treated with Phe-Pro-Arg-
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chloromethylketone (PPACK, 80 uM, Haematologic Technologies, Essex Junction, VT,
USA) immediately after drawing blood to inhibit thrombin-induced coagulation. Blood
sample was kept at 37°C in a water bath until being perfused through the flow channels at a
constant flow rate of 0.5 mL/min in all experiments. Flow was sustained for 5 min, after
which the flow channels were rinsed with prewarmed Tyrode’s buffer (37 °C, pH 7.4) and
fixed in 4% paraformaldehyde solution. The attached cells were imaged using a phase
contrast microscope (Diaphot 200, Nikon, Tokyo, Japan), and platelet adhesion density was
quantified by counting adhered platelets in ten selected fields (180 x 236 um) along
centerline of the downstream capture regions.

2.4. Flow cytometry

Flow cytometry was used to measure the expression levels of CD62P (P-selectin), GPIIb/111a
(integrin apP3), CD63 (lysosomal glycoprotein), and phosphatidylserine on perfused
platelets.

Following blood perfusion through a flow channel with a stenotic region but with no capture
region, a 5 UL aliquot of blood supernatant was incubated for 20 minutes with anti-human
CD62P, PAC-1, anti-human CD63, or annexin V (BD Biosciences, San Jose, CA, USA) to
label P-selectin, active GPIIb/I1la, lysosomal glycoprotein, and phosphatidylserine,
respectively. Two 5 UL blood aliquots were obtained and labeled prior to perfusion. Platelet
activation in one aliquot was achieved by addition of thrombin immediately prior to labeling
(c = 0.1 units/mL, EMD Millipore, Billerica, MA, USA) and other aliquot was left
unstimulated to serve as positive and negative activation controls, respectively. Blood was
not treated with PPACK for thrombin activated positive control. To locate platelets in flow
cytometry analysis, another 5 pL blood aliquot was labeled with anti-human CD41b (BD
Biosciences, San Jose, CA, USA), which binds to the GPIIb subunit of GPIIb/Illa regardless
of the activation state of the receptor. Following labeling, platelets were fixed in 1%
paraformaldehyde and stored at 4 °C. Analysis of 100,000 events was conducted on a
FACScanto analyzer (BD Biosciences, San Jose, CA, USA).

2.5. LDH assay

The lactate dehydrogenase (LDH) assay was performed using perfused platelet rich plasma
(PRP) instead of whole blood using Pierce LDH Cytotoxicity Assay Kit (Thermo Fisher
Scientific (Rockford, IL, USA). PRP was prepared by centrifugation of anticoagulated
whole blood at 275 g for 15 min. Platelet concentration was adjusted to 4.0x10°
platelets/mL using a prewarmed HEPES-buffered Tyrode’s solution (37 °C, pH 7.4).
Following PRP perfusion over an albumin coated flow channel in the absence of capture
region, a 50 L aliquot of perfused PRP was collected and incubated with a reaction mixture
at room temperature. After 30 min incubation, the reactions were stopped by adding a stop
solution. Absorbance at 490 nm and 680 nm was measured using a Synergy HTX microplate
reader (Biotek, Winooski, VT, USA) to determine the LDH activity. Two 50 uL aliquots of
PRP were obtained and labeled prior to perfusion. One aliquot lysis was stimulated by
addition of lysis buffer immediately prior to labeling and the other was left unstimulated to
serve as positive and negative controls, respectively. Platelets were also stimulated by
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addition of thrombin (c = 0.1 units/mL) to evaluate the influence of thrombin on lysis of
platelets.

2.6. Statistical analysis

All experiments were carried out independently in minimum four replicates. Box and
whisker plots presented the distribution of platelet adhesion density through their quartiles
and outliers. Bar plots were presented as mean + standard deviation of platelet activation and
lysis data. Statistical significance was established using a paired #test at p-values < 0.05.
The significance level was presented as *p < 0.05, **p < 0.005, or ***p < 0.0005. Data were
analyzed for significance with OriginPro 9.0 software (OriginLab, Northampton, MA,
USA).

3. Results

The present study investigated how brief transient platelet exposures to elevated shear forces
in a microfluidic device affect downstream platelet adhesion and activation. Anticoagulated
whole blood was perfused through the stenosed flow channels where platelets entered the
upstream region of elevated shear forces and subsequently exited to a lower shear force
region. In the lower shear force region, the platelets were captured by platelet binding
proteins immobilized downstream (Fig 1). Figure 2a shows the design of stenotic region in
the microfluidic flow channels and the control flow channel. Stenotic regions were created 5
mm downstream from the channel inlet to gradually increase wall shear strain rates. After
transient exposure to elevated wall shear strain rates in the stenotic regions, platelets were
gradually exposed to lower wall shear strain rate of 1620 s~1. The stenotic chamber design
ensured laminar flow throughout the chambers, where recirculation and stagnation flow
regions were avoided. Computational fluid dynamics indicated that blood flow will be
highly affected by shear forces in the upstream stenosis, especially for 60% and 80%
stenosis chambers (Fig 2b). The centerline wall shear strain rates (y¢) increased linearly, for
example for 80% stenosis from 1620 s~1 to 11560 s~1 with a gradient of 2.0 x 10% s~1/cm.
Centerline wall shear strain rates remained constant within each stenotic region and
decreased linearly along the 5 mm long expanding region back to 1620 s~1 (Fig 2b). Table 1
lists the flow parameters in all five microfluidic chambers used. Maximum fluid velocity
(Vimax) increased sharply over the 5 mm long region before the stenosis resulting in the
maximum elongation rate (emax) ranging from 0 to 316 s~1. Capture region, 10 mm long was
positioned 25 mm downstream of the stenotic region (Fig 1). Reynolds numbers within the
stenotic regions were 4.3, 5.2, 6.5, 8.8 and 13.4 for 0%, 20%, 40%, 60% and 80% stenotic
levels, respectively. These Reynolds numbers were in the typical range of arterial blood flow
[31].

Figure 3 shows the surface density of adhered platelets (number/area) on the downstream
capture regions with one of the three platelet binding proteins: fibrinogen, collagen and
VWEF. The finding that the platelets adhered to three different capture proteins in a shear
strain rate- dependent manner suggested that the transient exposure to elevated upstream
shear forces primed platelets for the downstream adhesion occurring under low shear
conditions. Overall adhesion to each capture region was found to be significantly higher
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after the platelets passed through upstream 40%, 60% and 80% stenotic regions (transient
exposure to 2975, 4800 and 11560 s~ wall shear strain rates) than the adhesion in the cases
of 0% stenosis control. Up to 4860 s~1, we found indistinguishable platelet adhesion density
among all three capture proteins for each wall shear strain rate. However, platelet adhesion
density at 11560 s~ shows a larger number of platelets adhered to VWF relative to
fibrinogen and collagen.

Transiently elevated wall shear strain rate did not only result in an increasing number of
adhered platelets, but also affected the morphology of adhered platelets. Figures 4a—d show
the phase contrast images of adhered platelets onto fibrinogen coated capture region after
passing through the upstream stenotic region with centerline wall shear strain rates of 1620 —
11560571,

The shape of adhered platelets can be taken as evidence of platelet activation; after passing
through elevated wall shear strain rate regions, adhered platelets changed from ellipsoidal
inactivated state to a fully spread activated state. Very few platelets primed by 1620 s~1
spread fully on fibrinogen capture region (Fig 4a). However, the spreading area increased
with increasing wall shear strain rates from 1620 to 2975 s~ (Fig 4b). A significant number
of platelets primed by 4860 and 11560 s~1 upstream wall shear strain rates were fully spread
on each capture region (Figs 4c—d). After transient exposure to 11560 s~ upstream wall
shear strain rate typical morphologies of adhered platelets on all three capture regions were
similar showing a large fraction of platelets fully spread and activated (Figs 4e-f).

The interactions between the platelets and elevated upstream shear forces primed a fraction
of platelets which formed stable adhesion on the capture region. Figures 5 and 6 show the
result of the flow cytometry analysis of perfusate, a whole blood volume that flowed through
the albumin coated stenotic chambers without the capture regions. Four activation markers:
P- selectin, GPIIb/Illa (Fig 5), and lysosomal glycoprotein, and phosphatidylserine (Fig 6)
were quantified in the perfused blood. The percent of expression events (out of 100,000
events for each marker) was compared to blood with no prior perfusion (negative control)
and to blood with no prior perfusion after thrombin stimulation (positive control). All four
platelet activation markers were significantly higher when platelets were transiently exposed
to wall shear strain rates ranging from 2975 s~ to 11560 s~1. In addition to the activation of
P-selectin and lysosomal glycoprotein (secretory products of granules and lysosomes),
transiently elevated shear strain rates (y. = of 2975 s™1) also activated GPI1b/I11a (receptor
of fibrinogen) and phosphatidylserine (a procoagulant factor), indicating an underlying role
of elevated shear forces in eventual thrombus formation downstream. These findings
supported the published observation which documented that a threshold shear strain rate of
2200 s71 is necessary to induce platelet activation in whole blood [19]. The expression levels
of activation markers increased with wall shear strain rates in a roughly proportional manner
(Figs 5-6). The flow cytometry results generally supported the conclusion derived from the
data shown in Figure 3, indicating that the transient exposure to higher shear forces was
sufficient to activate the platelets for enhanced downstream adhesion.

To determine whether transient exposure to elevated shear forces also caused platelet lysis,
the release of cytoplasmic LDH was measured in the perfused platelet rich plasma (PRP)
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(Fig 7). Platelets exposed low levels of wall shear strain rates (1620 — 2975 s~1) showed no
notable effect on platelet lysis. Wall shear strain rate of 4860 s™2 slightly increased the
release of LDH, but that increase was statistically insignificant when compared with the
control (p > 0.05). Only the transient exposure to 11560 s~1 wall shear strain rate resulted in
statistically significant platelet lysis, suggesting that priming effect observed at this high
wall shear strain rate could have been caused by both the lysis and sublytic activation of
platelets. However, that overall LDH release was significantly lower compared to lysis
buffer stimulated positive control (p < 0.0005). It was also found that thrombin stimulation
of PRP did not significantly increase the release of LDH, indicating that platelets can be
activated without being lysed.

4. Discussion

Blood clotting on biomedical devices is the result of a multistep process that involves plasma
protein adsorption, platelet adhesion and activation, formation of thrombin, and
embolization. Evaluation of platelet responses is essential for the management of patients
who are treated with vascular implants and remain on anticoagulation therapy.
Understanding the mechanisms regulating platelet adhesion and activation is important,
since the majority of platelets adhering to blood contacting devices undergo a variable
period of surface translocation prior to forming stable adhesive contacts [32,33]. The
hemodynamic environment plays a key role in thrombus formation. Blood flow is highly
disturbed by severe stenosis, where recirculation and stagnation flow regions often develop
[25]. Even though shear-induced platelet aggregation is a well- studied phenomenon, the
relationship between altered hemodynamics around an anastomotic stenosis and downstream
platelet response remains to be thoroughly investigated to minimize potential thrombotic
risk. Hence, the mechanisms by which platelets respond to elevated shear forces and
subsequent downstream response need to be fully characterized.

Previous /n vitro studies on transient exposure of platelets to high shear stress followed by a
longer exposure to low shear stress indeed showed enhanced platelet aggregation and
activation [34,35]. However, a cone-and-plate viscometer used in these studies did not mimic
the hemodynamic environment that platelets experience upon passage through a stenotic
vascular device. In addition, in a cone-and-plate viscometer, platelets were continuously
exposed to elevated shear forces for many seconds. In contrast, the passage through a
stenotic region in circulation is typically lasting a few milliseconds. Therefore, a
physiologically relevant microfluidic device is required for assessment of downstream
platelet response under transient upstream shear gradient conditions. Several studies that
used microfluidic devices confirmed shear-dependent platelet aggregation at the site of
stenosis or in close proximity to the stenotic region [23,26,36], however, subsequent
downstream interactions of platelets after they returned to normal shear conditions and had a
chance to interact with biomaterial surfaces, have not been experimentally addressed.

Platelet adhesion is mediated by a number of hemodynamic, rheological and biological
factors. Shear strain rate is a key factor in the platelet transport through a stenotic region and
subsequent adherence, either to exposed subendothelium at downstream anastomaosis, or to a
procoagulant surface of an implanted vascular device. Shear strain rate is highest at the
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vessel wall and under flow condition, wall shear strain rates typically range 20-200 s~1 in
veins, 300-800 s~1 in large arteries, and 800-10000 s~1 in stenotic vessels [37]. We have
previously found that moderately increased wall shear strain rates of 500-1000 s~ pre-
activated platelets for enhanced adhesion to the surface-immobilized capture agonists
downstream at low shear condition [28]. The platelets primed by an upstream shear strain
rate of 1000 s~1 expressed larger number of P- selectin and annexin V in perfused blood,
however, the expression levels of activated GPIIb/Illa and CD63 were found insignificant. It
is known that the formation of platelet thrombi is regulated by the binding of fibrinogen to
activated GPIIb/111a glycoprotein and that CD63 modulates spreading and tyrosine
phosphorylation of platelets by recruiting signaling enzymes on their surface through
phosphatidylinositol 4-kinase [16]. Since platelets adhered to the surface-immobilized
agonists in a wall shear strain rate-dependent manner, the previous study indicated that
platelets primed by even moderately increased wall shear strain rates became partly
activated. It was therefore important to investigate how platelets respond to transient
exposure to elevated wall shear strain rates that are much larger than 1000 s~1 and how this
exposure affects their downstream adhesion to surface-immobilized platelet binding
proteins. It was reported that wall shear strain rates can exceed 10000 s~1 in severe stenotic
vessels such as in stenosed coronary arteries [38,39]. Previous studies indicated that intimal
hyperplasia can cause mild to severe stenosis at the anastomotic regions of implanted arterial
grafts [3,40]. In the present study, wall shear strain rates from 2145 s~ to 11560 s~1
represented mild to severe arterial graft stenosis [41].

Platelet adhesion to biomaterials coated by blood plasma proteins is a critical initial event
determining hemocompatibility of blood contacting devices, often leading to irreversible
platelet adhesion, aggregation and subsequent thrombus formation. The substrates used in
the present study to mimic protein coated biomaterials were glass slides coated with a PEG-
based polymer with reactive NHS ester groups, which allowed selected proteins to be
covalently attached. The PEG-based polymer background minimized non-specific protein
adsorption and platelet adhesion during the blood perfusion [42]. The three platelet binding
proteins were selected to differentiate between different platelet receptors and different
modes of adhesion. The results of the platelets adhesion to fibrinogen or vVWF implied the
activation of GPIIb/I1la (integrin allpBs), or GPIba and GPIIb/Il1a, respectively (Figs 3a
and 3c). Platelets adherence to collagen coated capture region implied the activation of
surface receptors GPVI and GPla/lla (Fig 3b) [43]. The surface receptors GPVI and
GPla/lla require initial attachment (tethering) and rolling onto immobilized collagen to form
stable adhesive contacts. Plasma fibrinogen bound to activated GPIIb/I11a is the predominant
adhesive bridge required for platelet aggregation [44]. Several studies demonstrated the
function of VWF in initial platelet adhesion, in which the binding of subunit GPlba to VWF,
particularly at high shear forces, leads to the transient capture of flowing platelets on the
surface [32,45]. Since the binding of GPIba to VWF is an early stage event strongly
influenced by highly elevated shear forces, platelet adhesion after exposure to 11560 s~1
wall shear strain rate was expected to be higher on VWF coated surface as compared to
fibrinogen or collagen coated capture regions, a result that was indeed found here (Fig 3). In
addition to enhanced platelet adhesion, elevated upstream wall shear strain rates were also
found to induce morphological changes in primed platelets (Figure 6a—f) serving as another
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evidence of platelet activation. A significant number of platelets primed by 4860 s~1 and
11560 s~ wall shear strain rates spread onto all three immobilized proteins, indicating the
propagation of GPIIb/Illa- mediated outside-in signaling [46], actin polymerization and
cytoskeletal rearrangements [8].

The downstream platelet adhesion was found to be strongly dependent on upstream wall
shear strain rates, suggesting that elevated shear strain rates at the sites of stenosis are
responsible for subsequent platelet activation, downstream adhesion, and eventual thrombus
formation. Another plausible explanation is that the elongation rate in the middle of the
chamber is causing platelet activation and perhaps lysis. However, even at moderately high
wall shear strain rates, platelets are concentrated near the walls and red blood cells are in the
center of flowing blood [47]. Elevated shear strain rates have been known to enhance such
platelet margination [4,48], which is presumed here to be an essential factor in allowing
platelet adherence to the surface-immobilized platelet binding proteins downstream. The
margination of platelets to the surface increases when wall shear strain rate is increased [49].
That alone may be interpreted as one of the reasons for increasing number of adhered
platelets, however, the increased adhesion observed in the present study actually occurred at
the low shear strain rate conditions afferthe transient exposure to higher wall shear strain
rates.

Platelet activation was assessed quantitatively using flow cytometry. The relationship
between platelet activation and the magnitude of wall shear strain rate agreed with
previously reported /n vitro studies [22,50]. The increase in expression levels of all four
activation markers were significantly lower when compared to thrombin stimulated positive
controls (p < 0.05). Such difference was likely due inhomogeneous shear rate distribution in
a rectangular flow channel where shear rate is highest at the walls. A fraction of platelets
that was not marginated towards the channel walls simply passed through the stenotic region
retaining their quiescent state.

The lysis results were consistent with the previous findings. Previously it was observed that
shear stresses below about 150 dyne/cm? (or shear strain rate of ~4000 s~1) do not cause
LDH release for 5 min PRP perfusion [11]. To avoid difficulties of measuring absorbance in
whole blood, we used PRP for studying platelet lysis, which does not exhibit platelet
margination due to absence of red blood cells. The lack of margination means that a smaller
fraction of platelets is exposed to the high wall shear rate than in the whole blood. In other
words, platelet lysis in whole blood could be even larger than observed here. The duration of
platelet exposure to elevated shear forces is also an important factor in causing lysis [11],
which was not investigated in the present study. The distance between the upstream stenotic
region and the downstream capture region is another important parameter, which remains to
be further investigated for understanding how long upstream shear-induced platelet priming
persists downstream. In addition to understanding the interactions between platelets and
stenotic vascular devices, the present study could help to understand the mechanism of
thrombus formation when blood vessels become stenotic as a result of atherosclerosis.
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5. Conclusions

Using microfluidic stenotic chambers, the present study was designed to mimic /n vitrothe
flow conditions encountered in a stenosed vascular graft anastomosis at a range of 1620 —
11560 s~ centerline wall shear strain rates. We provided evidence that upstream stenosed
geometries resulted in altered fluid mechanical conditions that promoted priming of platelets
for enhanced downstream adhesion and activation. We also found that highly elevated wall
shear strain rates (4860 s~ and 11560 s~1) were able to induce fully spread and activated
platelets as well as platelet lysis. The overall results suggested that the initiation of
intracellular signaling and morphological changes, followed by the propagation of signals
and the release of coagulation factors from granules could eventually lead to thrombus
formation downstream. The present assay could be also utilized to study how an actual
biomaterial placed downstream interacts with platelets primed by upstream agonists under
different flow conditions. Although all experiments were performed /n vitro with
anticoagulated whole blood or PRP, the findings may be relevant to understanding why
patients with implanted vascular devices are at thrombotic risk, even with anticoagulation
therapy. Since vascular devices are sometimes characterized by anastomotic stenosis, the
findings of the present study may also have implications for the re-design of vascular
devices as well improving the design of /n vitro platelet adhesion and activation assays.
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Statement of Significance

Studying the downstream response of platelets following transient exposure to an
upstream agonist is important because of significant clinical implications to the
implantation of vascular devices. Due to intimal fibrous hyperplasia, vascular
biomaterials such as synthetic small-diameter vascular grafts sometimes become stenotic
(narrow), leading to transient platelet exposure to elevated shear forces. In this study, a
microfluidic flow system was developed to mimic a stenosed vascular graft and to
investigate how highly elevated, transient upstream shear forces, typically found in severe
stenosis, results in the pre-activation of platelets for downstream adhesion and activation.
The findings of the present study have implications for optimizing the design of blood-
contacting biomaterials in order to minimize thrombotic risk associated with transiently
elevated shear forces. The findings also provide additional insights into the mechanisms
of thrombus formation at the post-stenotic regions of vascular implants.
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Top slide with ports

Silicone gasket

Nexterion-H slide

Flow direction

Figure 1.
Schematic diagram of the flow cell used in the flow-based platelet adhesion assay. Upstream

stenotic regions were created by changing the width of the flow channels. Protein agonists
were covalently immobilized downstream on the chemically reactive glass substrates by
microcontact printing.
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Figure 2.

Wall shear strain rate (yy,) distribution in the microfluidic flow channels. (A) The first 20
mm of each experimental flow channel was simulated using COMSOL Multiphysics to
evaluate wall shear strain rates in the anastomotic stenosis. The colors indicate local wall
shear strain rates at the channel bottom wall. Centerline wall shear strain rate (-y¢) represents
wall shear strain rate across the centerline (i.e., dotted white line in A) of the channel bottom
wall. (B) Centerline wall shear strain rates indicate a steep gradient, particularly for 60% and
80% stenotic models. Centerline wall shear strain rates within the stenotic regions were
1620, 2145, 2975, 4860 and 11560 s~ for 0%, 20%, 40%, 60% and 80% stenotic models,
respectively. Downstream centerline wall shear strain rate (1620 s~1) was kept constant in all
experiments.
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Platelet adhesion to three downstream capture proteins as a function of centerline wall shear
strain rates in the upstream stenosis compared with control sample containing no stenotic
region (. = 1620 s™1). Statistical significance was obtained using a paired #test (n = 40, *p

< 0.05, **p < 0.005 and ***p < 0.0005).
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(A) Fibrinogen at 1620 s (B) Fibrinogen at 2975 s (C) Fibrinogen at 4860 s

(D) Fibrinogen at 11560 s'7  (E) Collagen at 11560 s (F) VWF at 11560 s

Figure 4.
Representative phase contrast images (A-D) show morphological changes of adhered

platelets onto fibrinogen coated capture region after passing through the chamber containing
no stenotic region (centerline wall shear strain rate of 1620 s™1) and through the chambers
containing upstream stenotic region (centerline wall shear strain rates of 2975 — 11560 s71).
Representative images E and F show morphology of platelets adhered onto collagen and
VWEF coated capture regions, respectively, after passing through the upstream stenotic region
with centerline wall shear strain rate of 11560 s™2.
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Flow cytometry results of platelet activation. Expression levels of (A) P-selectin and (B)
activated GPIIb/111a (PAC-1 receptor) in perfused blood samples were compared with
unstimulated (negative control) and thrombin stimulated (positive control) blood samples
collected prior to perfusion. Analysis of 100,000 events for each sample was conducted, and
events of platelets expressing each marker were recorded. Statistical significance was
obtained using a paired £test (n = 4, *p < 0.05, **p < 0.005 and ***p < 0.0005 relative to
“no stimulation” control).
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Flow cytometry results of platelet activation. Expression levels of (A) annexin V receptor
(phosphatidylserine) and (B) CD63 (lysosomal glycoprotein) in perfused blood samples
were compared with unstimulated (negative control) and thrombin stimulated (positive
control) samples collected prior to perfusion. Analysis of 100,000 events for each sample
was conducted, and events of platelets expressing each marker were recorded. Statistical
significance was obtained using a paired #test (n = 4, *p < 0.05 and ***p < 0.0005 relative
to “no stimulation” control).
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Figure 7.
Effect of wall shear strain rates on the release of LDH from platelets in platelet rich plasma

after 5 min perfusion through the albumin coated flow channels. Statistical significance was
obtained using a paired #test (n = 4, *p < 0.05 and ***p < 0.0005 relative to “no
stimulation” control).
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Table 1.

The flow parameters in five microfluidic chambers used in experiments.
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Stenosis (%)  Width of the stenotic Centerline wall shear strain ~ Maximum velocity in the Maximum elongation
region Wegenesis (MmM) rate, y (s stenotic region, Vyay (Mm s rate, emay (571

0 1 1620 81.9 0

20 0.8 2145 104.2 7

40 0.6 2975 145.6 23

60 0.4 4860 234.6 86

80 0.2 11560 496.7 316
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