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Abstract

Platelets in flowing blood are sometimes exposed to elevated shear forces caused by anastomotic 

stenosis at the blood vessel-vascular implant interface. The objective of this study was to 

determine how effective upstream shear forces are in priming platelets for downstream adhesion 

and activation. Flow chambers with upstream stenotic regions (shear rates of 400 – 1000 s−1) were 

manufactured by relief molding of polydimethylsiloxane. Downstream from the stenotic regions, 

microcontact printing was used to covalently immobilize three different proteins (fibrinogen, 

collagen, or von Willebrand factor) to serve as platelet capture agents. Anticoagulated whole blood 

was perfused through the flow chambers and platelet adhesion to the downstream capture region 

was quantified. It was found that transient exposure of platelets to increased shear forces resulted 

in higher platelet adhesion on all three proteins. The duration of the platelet exposure to elevated 

shear forces was varied by changing the length of the stenotic regions. The results indicated that, 

in addition to the magnitude of shear forces, the duration of exposure to these forces was also an 

important factor in priming platelets. The effect of upstream shear forces on platelet activation was 

assessed by quantifying P-selectin, integrin αIIbβ3, lysosomal glycoprotein, and 

phosphatidylserine exposure using flow cytometry. The results suggested that increased shear 

forces were capable of increasing the priming of platelets for downstream activation. This study 

implicates the anastomotic region(s) of vascular implants as a locus of platelet pre-activation that 

may lead to thrombus formation downstream.

Graphical abstract

*Corresponding Author: Vladimir Hlady, D.Sc. 20 S. 2030 E., Rm. 108A, Salt Lake City, UT 84112, vladimir.hlady@utah.edu, 
801-581-5042. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest
The authors declare no conflict of interest.

HHS Public Access
Author manuscript
Acta Biomater. Author manuscript; available in PMC 2019 June 01.

Published in final edited form as:
Acta Biomater. 2018 June ; 73: 228–235. doi:10.1016/j.actbio.2018.04.002.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

anastomotic stenosis; platelet adhesion and activation; microfluidics; microcontact printing; flow 
cytometry

1. Introduction

Cardiovascular disease is a leading cause of death for people in the world. The disease is 

often treated through the surgical introduction of blood contacting devices such as stents, 

shunts, vascular grafts and catheters. While these devices can save the lives of patients, their 

surfaces are far from being truly hemocompatible. The homeostatic response to such 

biomaterials often necessitates that the patients remain on anticoagulation therapy [1,2]. The 

majority of blood compatibility studies have traditionally focused on establishing the platelet 

response to implanted biomaterials. These studies, when accounting only for the local 

platelet-biomaterial effects, often missed the dynamics of platelet adhesion and activation in 

circulation. In fact, it has been shown that the majority of platelet contacts at a flowing 

blood-biomaterial interface are transient, suggesting that upstream events may influence the 

downstream platelet-biomaterial interaction [3–6].

When a device such as synthetic small-diameter vascular graft is implanted into the 

vasculature, there are two anastomotic regions at the junctions of the graft with the native 

vasculature. It has been shown that vascular grafts can often become stenotic (narrow) due to 

intimal fibrous hyperplasia, either generally along the inside of the graft or at the 

anastomotic region [7,8], leading to an increased shear force on flowing platelets. Elevated 

shear forces have been known to lead to platelet aggregation through a variety of 

mechanisms [9,10]. Increased shear forces result in a motion of the red blood cells towards 

the middle of the flow stream, causing physical displacement of plasma and platelets 

towards the margination zone near the surface of the vessel [11]. Increased shear forces have 

also been shown to induce intracellular signaling leading to activation [12,13] as well as 

morphological changes in translocating platelets [14]. Elevated shear forces have also been 

shown to induce platelet lysis [15], resulting in the release of procoagulant factors.

A number of studies have investigated the effect of increased shear forces introduced by 

stenosis on platelet adhesion and activation over a wide range from as low as 270 s−1 to as 

high as 8.74×104 s−1 [10,12,16–21]. However, the majority of these studies investigated the 

platelet adhesion at the sites of stenosis while the effects of the platelet exposure to 

increased shear forces and subsequent downstream events were largely ignored. Transient 

exposure of platelets to increased shear forces is expected to pre-activate (i.e. “prime”) 

platelets for downstream adhesion and activation. In circulation, platelets primed by 

transient exposure to increased shear forces flow downstream where they may further 

interact with implanted biomaterials or damaged blood vessel walls. For example, if a 

vascular graft material is not perfectly hemocompatible, such upstream priming will increase 

the probability of platelet adhesion to and full activation on surface platelet binding proteins 

adsorbed downstream. Therefore, it is important to understand how the platelets primed by a 
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transient passage through an upstream stenotic region respond to imperfect vascular implant 

surfaces downstream.

To investigate the effect of upstream shear force-dependent platelet priming on downstream 

adhesion and activation, we have designed experiments in which blood is perfused through a 

flow chamber with an upstream stenotic region and a downstream “capture” region 

consisting of one of three platelet binding proteins (fibrinogen, collagen or van Willebrand 

factor, V) covalently attached to the flow chamber wall. The flow chambers were prepared 

through relief molding of a silicone elastomer with a narrow upstream region to mimic the 

vascular graft anastomosis encountered by circulating platelets. Microcontact printing (μCP) 

was used to covalently attach one platelet binding protein to the surface downstream of the 

stenotic region. Each of the three platelet binding proteins also served the purpose of 

investigating which platelet receptors were activated by the upstream shear force. To further 

characterize the upstream platelet activation, four activation markers (P-selectin, integrin 

αIIbβ3, lysosomal glycoprotein, and phosphatidylserine) were quantified on platelets 

perfused through a flow chamber in the absence of a capture region using flow cytometry.

2. Materials and Methods

2.1. Flow chamber design and fabrication

Each flow cell consisted of a parallel array of three flow chambers designed to fit on a 

standard 25 × 75 mm microscope slide (Figure 1). Each flow chamber contained an 

upstream stenotic priming region and a downstream capture region. Flow chamber 

dimensions were 1 mm wide, 0.1 mm in height, and 70 mm long. Stenotic priming regions 

varied from 5 to 15 mm in length. Width of stenotic priming regions was varied from 0.8 

mm to 0.4 mm to create 20 %, 40 % and 60 % stenosis that represented three different wall 

shear rates (500, 667 and 1000 s−1, respectively). Wall shear rate, γ, was calculated at a 

constant volumetric flow rate (Q) according to

γ = 6Q/wh2

where h was the flow chamber height and w was the chamber width. The percent of stenosis 

was defined as 
(Winlet − Wstenosis)

Winlet
× 100 where winlet was the width of inlet of the flow 

chamber and wstenosis was the width of the stenotic regions. Stenotic regions were created 5 

mm downstream from the inlet to allow for the development of laminar flow. Control flow 

chambers did not contain any upstream stenotic region (defined as 0 % stenosis) with a shear 

rate corresponding to 400s−1. Binding protein capture regions were placed 25 mm 

downstream from the end of the upstream priming regions.

Flow cells were manufactured through the relief molding of polydimethylsiloxane (PDMS) 

(Sylgard 184, Dow Corning, Midland, MI, USA). Relief for the flow chamber features was 

created by a polymeric tape that was patterned on a laser cutter (VLS3.60, Universal Laser 

Systems, Scottsdale, AZ, USA). Patterns were then transferred to the bottom of a mold, and 

PDMS was cast into the mold at a weight ratio of 15:1 polymer to cross-linker. The cast 
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PDMS was degassed by placing the mold under vacuum for 30 min. The PDMS was allowed 

to cure, then released from the mold and cut to final dimensions (25 × 75 mm). After release 

from the mold, fluid vias were bored from the top of the PDMS into the flow cells to provide 

access for the inlet and outlet of blood.

2.2. Preparation of downstream capture regions

The downstream capture regions (10 mm in length) served to capture primed platelets. 

Fibrinogen and von Willebrand factor (vWF, Haematologic Technologies, Essex Junction, 

VT, USA), and collagen (type I, Ibidi, Fitchburg, WI, USA) were each covalently 

immobilized at 100 % surface coverage in the capture regions by μCP as previously 

described [22]. PDMS stamps coated with protein was brought into contact with the surface 

of Nexterion-H slides (Schott, Tempe, AZ, USA) covered with a poly(ethylene oxide)-based 

polymer containing reactive N-hydroxysuccinimide (NHS) esters, thus providing means for 

covalent protein immobilization by protein amino groups [23]. The protein coated stamps 

were left in contact with the Nexterion-H slide surface for 1 hr. After protein 

immobilization, the capture regions of the slides were rinsed with deionized water and dried 

under a stream of nitrogen gas.

2.3. Flow chamber assembly

The flow chambers were assembled by inverting the PDMS molded flow chamber onto the 

stamped Nexterion-H glass slide. Reversible sealing held the PDMS in place strongly 

enough to prevent leakage for the duration of the experiments. The flow chambers were 

connected to a syringe pump (Kent Scientific, Torrington, CT, USA) using 

polytetrafluorethylene tubing (shear rate 39 s−1, PTFE, Cole-Parmer, Vernon Hills, IL, 

USA,). PTFE tubing was kept as short as possible to minimize any effects it might have on 

platelet activation. After assembly, a solution of human serum albumin (HSA, 1 mg/mL in 

PBS, Sigma Aldrich, St. Louis, MO, USA) was perfused through each flow cell and was 

allowed to incubate at room temperature for 1 hr. Covalently attached HSA served to 

passivate the unreacted regions of the glass slide, the walls of each flow chamber and PTFE 

tubing by physical adsorption.

2.4. Flow chamber operation

Fresh whole human blood was drawn from healthy human donors under protocols 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-chloromethylketone (PPACK, 

80 μM, Haematologic Technologies, Essex Junction, VT, USA) within 5 min of draw to 

prevent thrombin-induced coagulation. Blood samples were kept at 37 °C in a water bath 

until use. All samples were used within 90 min of draw from donors. Blood samples were 

incubated with calcein AM metabolic dye (0.1 mg/mL in PBS, Fisher Scientific, Waltham, 

MA, USA) for 1 hr at 37 °C to fluorescently label the platelets. Blood was drawn through 

the flow chambers at a constant flow rate of 2.4 mL/hr in all experiments. Flow was 

sustained for 5 min, after which the flow chambers were rinsed with pre-warmed Tyrode’s 

buffer (37 °C, pH 7.4) to remove any nonattached cells. Attached cells were fixed in 4 % 

paraformaldehyde and imaged using a fluorescence microscope (Diaphot 200, Nikon, 
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Tokyo, Japan). Finally, adhered platelet surface coverages were analyzed using ImageJ 

(NIH, USA).

2.5. Flow cytometry

Flow cytometry was used to measure the expression levels of CD62P (P-selectin), integrin 

αIIbβ3, CD63 (lysosomal glycoprotein), and phosphatidylserine. Following blood perfusion 

through an albumin coated flow chamber in the absence of a capture region, a 5 μL aliquot 

of blood supernatant was collected and 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 αIIbβ3, lysosomal glycoprotein, or phosphatidylserine, respectively. Two 5 

μL blood aliquots were labeled prior to perfusion. One aliquot was stimulated by the 

addition of thrombin immediately prior to labeling (c = 0.1 units/mL, EMD Millipore, 

Billerica, MA, USA) and the other was left unstimulated to serve as positive and negative 

controls, respectively. A 5 μL aliquot was also labeled with anti-human CD41b (BD 

Biosciences, San Jose, CA, USA), which binds to the αIIb subunit of integrin αIIbβ3 

regardless of the activation state of the receptor, to locate platelets during flow cytometry 

analysis. 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).

2.6. Statistical methods

All tests were carried out at least in triplicate. Box and whisker plots are used to depict the 

distribution of platelet adhesion data as the mean, quartiles, and outliers. Bar plots present 

the results of platelet activation obtained by the flow cytometry analysis as mean ± standard 

deviation. Significant differences between the data sets were analyzed using OriginPro9.0 

software (OriginLab, Northampton, MA, USA). Statistical significance was established 

using a paired t-test at p-values less than 0.05. The significance levels are presented as *(p < 

0.05), **(p < 0.005), or ***(p < 0.0005).

3. Results and Discussion

Blood, a complex mixture of plasma and cells, circulates through the body in a closed loop 

carrying out myriad functions. When blood contacts an implanted device, proteins from the 

blood plasma such as fibrinogen and vWF may adsorb to the surface of the device [24,25]. 

Circulating platelets can recognize these adsorbed proteins via receptors such as 

glycoprotein Ib-IX-V complex and integrin αIIbβ3. After initial tethering and rolling, 

platelets may ultimately form stable adhesive contacts to the device surface and become 

fully activated. Similarly, in the case of blood vessels with damaged endothelial lining, 

platelets will interact with collagen present in the exposed subendothelium via their GPVI 

and integrin α2β1 receptors. Due to these multiple activation pathways, platelet adhesion to 

vascular device surfaces is the crucial step in thrombus formation that may lead to the 

temporary or permanent occlusion of blood vessels. We have recently showed that transient 

platelet contacts with upstream surface-immobilized proteins, acting as agonists, are 

responsible for increased platelet adhesion and activation downstream [6,26]. In the present 

study, we investigated how transiently increased shear forces due to upstream stenosis affect 
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downstream platelet adhesion and activation. Fibrinogen, collagen and vWF were chosen for 

downstream capture regions since they are the primary adhesive ligands for platelet 

receptors. These surface immobilized proteins can mimic the procoagulant surface of an 

implanted vascular device or exposed subendothelium.

The effect of increased shear forces due to upstream stenosis on the downstream platelet 

adhesion was compared with the control conditions (no upstream stenotic region, shear rate 

of 400 s−1). Figure 2 shows the platelet surface coverage in the three downstream capture 

regions as a function of the shear rate in the upstream stenotic region. Figure 3 shows 

representative fluorescence images of adhered platelets on all three platelet binding proteins 

after passing through stenotic regions. In the case of capture by fibrinogen, platelet adhesion 

was significantly higher than the control in all three flow chambers with an upstream 

stenotic priming region. For capture on collagen, platelet adhesion was significantly higher 

than control only for the flow chambers with upstream shear rates of 667 and 1000 s−1. 

Similarly, for capture on vWF, platelet adhesion was only significantly higher for the flow 

chambers with upstream shear rates of 667 and 1000 s−1. Several studies have suggested that 

the interactions of surface-immobilized vWF with platelet receptor GPIb occur selectively at 

high shear rates (> 1000 s−1) [27,28]. In the present study, an increasing number of platelets 

attached to vWF capture region after being exposed to shear rates lower than 1000 s−1. 

However, overall platelet surface coverage on vWF was much lower than platelet adhesion 

to fibrinogen or collagen. At present shear rates (≤ 1000 s−1), platelet deposition on surface-

immobilized vWF might have occurred independently of vWF-GPIb interaction, possibly 

due to interaction between vWF and αIIbβ3 integrin which is a receptor for both vWF and 

fibrinogen.

For all three binding proteins, platelet adhesion to the downstream capture region increased 

as the shear rate in the upstream priming region was increased, suggesting that transient 

exposure to higher shear forces is capable of elevating the priming of platelets for 

downstream adhesion. Overall platelet adhesion was found to be significantly higher when 

circulating platelets were exposed to upstream shear rates of 667 and 1000 s−1.

We simulated flow in the four perfusion chambers using COMSOL Multiphysics 

(COMSOL, Inc., Burlington, MA, USA) to examine the impact of upstream stenosis on 

blood flow. We utilized continuity and Navier-Stokes equations to derive the velocity 

profiles (Figure 4). The computational results indicated that the blood flow velocity is highly 

affected by upstream narrowing, especially for 40 % and 60 % stenosis. The flow chambers 

with upstream stenosis exhibited steeper velocity gradients towards the walls and 

consequently higher wall shear rates. Increasing wall shear rates have been shown to 

increase the number of red blood cells in the central portion of flowing blood and thus 

promote platelet margination towards the vessel wall [29,30]. Such enhanced platelet 

margination at higher shear rates acts as an important priming factor for platelet adhesion to 

surface-immobilized binding proteins downstream.

Elevated shear forces may activate platelets via intracellular signaling cascades or cause 

platelet lysis. For shear-induced intracellular signaling, elevated shear forces have been 

shown to initially promote the interaction of plasma vWF with the GPIb-IX-V receptor 
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complex [31]. This interaction starts an intercellular signaling cascade characterized by Ca2+ 

mobilization [32,33], actin polymerization and cytoskeletal rearrangements [13], protein 

kinase C expression [34], and αIIbβ3 expression/activation [33,35]. These events are coupled 

with the further release of soluble vWF from platelet α-granules. Surface-immobilized 

platelet binding proteins work synergistically with plasma proteins to form stable adhesive 

contacts [27]. Mechanical damage due to increased shear forces on the platelets can cause 

platelet lysis [15], resulting in the release of procoagulant factors and subsequent activation 

of surrounding platelets.

To investigate the effect of the time duration of platelet exposure to increased shear forces, 

we investigated how three different lengths (5, 10 and 15 mm) of upstream stenotic regions 

influence the downstream adhesion. Both lower and higher shear rates (500 and 1000 s−1) 

were used. Figure 5 shows that the extent of platelet adhesion downstream correlated with 

both the magnitude and duration of upstream shear forces. At the lower shear rate of 500 s
−1, even though average platelet adhesion to all three binding proteins increased for the 10 

mm long stenotic region compared to the 5 mm length, the increase was not statistically 

significant (p > 0.05). For the 15 mm stenotic length, platelet adhesion to fibrinogen and 

vWF at 500 s−1 was significantly higher than for the 5 mm length, but the increases were not 

significant when compared to the 10 mm length (p > 0.05). For collagen, platelet adhesion 

for the 15 mm stenotic length was significantly higher compared to both lengths of 5 and 10 

mm (Fig 5A).

At the higher shear rate of 1000 s−1, the increase of platelet adhesion to fibrinogen was 

significantly higher at longer stenotic lengths. For vWF, the platelet adhesion increase was 

less than that of the other two binding proteins. Platelet adhesion to vWF was significantly 

higher for the 15 mm stenotic length compared to each of the two shorter stenotic lengths. 

For collagen capture, platelet adhesion at 1000 s−1 was significantly higher for the 15 mm 

stenotic length only when compared with the 5 mm stenotic region. Overall, these findings 

indicated that besides the magnitude and duration of applied upstream shear force, a 

threshold level of platelet priming also depends on the type of capture protein.

Using these flow experiments we found that upstream stenosis increases platelet adhesion 

downstream in a shear rate-proportional manner. To further differentiate the effect of 

upstream shear forces on platelet activation, the platelets that passed through stenotic regions 

were characterized using flow cytometry. Four activation markers (P-selectin, integrin 

αIIbβ3, lysosomal glycoprotein, and phosphatidylserine) were quantified after anticoagulated 

whole blood was perfused through four albumin-coated flow chambers with no capture 

regions. The percent of expression events out of 100,000 for each marker was recorded and 

compared to blood with no prior perfusion (negative control) and to blood with no prior 

perfusion after thrombin stimulation (positive control). Expression levels of P-selectin, 

integrin αIIbβ3, lysosomal glycoprotein, and phosphatidylserine are shown in Figures 6 and 

7.

It is unlikely that each shear-induced platelet priming event will end up in an adhesive event 

downstream. In quiescent platelets, P-selectin is located on the inner membranes of platelet 

granules. Following platelet activation, P-selectin is translocated from the intracellular 
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granules to the outer membrane. It was found that P-selectin was expressed at higher levels 

on platelets perfused through upstream stenotic region (Fig 6A), however, a statistically 

different level of expression was only found at higher shear rates (1000 s−1). PAC-1 

recognizes an epitope on the integrin αIIbβ3 complex of activated platelets. Like in the case 

of P-selectin, integrin αIIbβ3 was found to be expressed at higher levels on platelets perfused 

over flow cells containing upstream stenotic region but the increases were not statistically 

different from the negative control (Fig 6B).

In quiescent platelets, lysosomal glycoprotein CD63 is located on the membranes of dense 

granules and lysosomes, but relocates to the plasma membrane following platelet activation 

[36]. Up to 667 s−1, there was no distinguishable change in expression of CD63 compared 

with negative control (Figure 7A). Expression of CD63 was found higher on platelets 

perfused through the flow cells with the higher shear rate of 1000 s−1. Phosphatidylserine 

regulates the production of thrombin by enhancing the rate of activation of prothrombin to 

thrombin. Following platelet activation, phosphatidylserine is translocated from the 

cytoplasmic face of the quiescent platelet membrane to the plasma-oriented surface of 

discrete membrane vesicles [37]. The flow cytometry showed that expression of 

phosphatidylserine was higher on platelets perfused through flow cells containing upstream 

stenotic regions (Figure 7B). Overall, the flow cytometry results suggested that upstream 

increased shear forces were capable of activating platelets in a manner that could affect 

thrombus formation downstream. However, the increase in the expression for all four 

markers was significantly lower compared to thrombin stimulated positive controls.

Shear rates of 400 – 1000 s−1 used in this study were average wall shear rates, and were not 

uniformly distributed. In a near-wall region, there was a sharp velocity gradient compared to 

the flow regions far away from the wall (Figure 4). Only a fraction of platelets were exposed 

to near-wall regions; however, more platelets migrated toward near-wall regions upon 

entrance to a stenotic region. It was possible that some platelets entered a near-wall region 

transiently and then returned to a low shear rate region, and vice versa. We used flow 

cytometry to take into account both high and low shear rate flow regions. The results 

suggested that many more platelets were primed by increased shear rates than adhered onto 

downstream capture regions. Shankaran et al. [38] observed that a threshold shear stress of 

80 dyne/cm2 (shear rate, approximately 2200 s−1) is necessary to induce significant platelet 

activation in whole blood. We observed that even moderately increased shear rates primed 

platelets for enhanced downstream activation. For example, a shear rate of 1000 s−1 

significantly increased the activation of P-selectin and phosphatidylserine exposure (Figs 

6,7). The findings support the observations reported in previous studies. Lee et al. [39] 

showed that platelets induced by shear rates less than 1000 s−1 tended to aggregate to a 

collagen-coated surface; however, maximum platelet aggregation was observed at a shear 

rate of 3100 s−1. Song et al. [40] showed that even 900 s−1 induced platelets for enhanced 

activation of CD62 (P-selectin). In these two studies [39,40] the shear forces were induced 

using a rotating stirrer in a micro-chamber where platelets were continuously sheared for 

many seconds.

Vascular implants are widely used to replace or repair damaged or occluded vasculature. 

Anastomotic regions of vascular implants are often characterized by higher rates of stenosis 
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– and accordingly higher shear forces – and may also disrupt the subendothelium layer of 

the vasculature. While the majority of past studies involving stenosis investigated platelet 

aggregation at higher shear rates (> 1000 s−1) [10,17,41], the present study was focused on 

the effect of increased upstream shear forces on priming platelets for downstream adhesion 

on protein coated substrates. If not perfectly passivated against plasma protein adsorption, 

surfaces of vascular implants may become procoagulant and provide platelets with potential 

contact with platelet binding proteins adsorbed from blood plasma. A combination of higher 

upstream shear forces and adsorbed platelet binding proteins presents an ideal environment 

for platelet adhesion and activation that may have serious consequences for the blood 

compatibility of vascular implants. We tested such combinations of higher upstream shear 

rates and downstream surface-bound platelet binding proteins to better understand their role 

in vascular device failure. Although our study was limited to shear rates of up to 1000 s−1, 

the results showed that the upstream increase of the shear rates resulted in a higher platelet 

adhesion to downstream immobilized proteins. We have also found that an increased 

duration of platelet exposure to elevated shear rates also led to an increase of downstream 

platelet adhesion. It remains to be further investigated how even higher shear forces (> 1000 

s−1), typically found in severe stenosis, prime platelets for downstream adhesion and 

activation.

4. Conclusions

In this study, flow chambers were designed to mimic the physical environment of 

vasculature with an upstream vascular-graft anastomosis and a downstream exposed 

subendothelium or a procoagulant surface of an implanted vascular device. The results 

indicated that platelets primed by the transient exposure to increased shear force adhered 

downstream to the surface-immobilized proteins in a shear rate proportional manner. In 

addition to the magnitude of upstream shear forces, downstream platelet adhesion was also 

dependent on the duration of exposure to these forces. The effect of increased shear forces 

on platelet activation was quantified by measuring the expression levels of P-selectin, 

integrin αIIbβ3, lysosomal glycoprotein, and phosphatidylserine exposure. Expression of 

each of these four markers increased after perfusion through the flow chambers containing 

an upstream stenotic region. Since the anastomotic regions are often characterized by both 

high shear forces as well as by damage of vessel endothelium, we expect that the results of 

the present study could help in reevaluating vascular device designs to minimize 

downstream effects of elevated shear forces.
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Statement of significance

A synthetic small-diameter vascular graft can often become stenotic due to intimal 

fibrous hyperplasia, either generally along the inside of the graft or at the anastomotic 

regions, leading to an increased shear force on flowing platelets. Our lab is studying how 

the upstream platelet pre-activation (aka “priming”) in flowing blood affects their 

downstream adhesion and activation. This manuscript describes a study in which priming 

of platelets is achieved by upstream stenotic narrowing in a microfluidics flow chamber. 

Such experimental design was intended to mimic a vascular implant with stenotic 

upstream anastomosis and downstream exposed platelet protein agonists. Understanding 

how the pre-activated platelets respond to imperfect vascular implant surfaces 

downstream is an important factor in designing better vascular implants.
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Figure 1. 
Schematic diagram of a parallel flow assay. The upstream stenotic priming region was 

created by controlling the width of flow cells. Proteins were immobilized downstream on a 

reactive glass substrate by μCP to serve as platelet capture regions.
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Figure 2. 
Platelet adhesion to three downstream capture proteins as a function of shear forces in the 

upstream stenosis compared with control sample containing no stenotic region (shear rate of 

400 s−1). Statistical significance for each downstream protein was obtained using paired t-

test (n = 30, *p < 0.05, **p < 0.005 and ***p < 0.0005).
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Figure 3. 
Representative fluorescence images showing platelet adhered to the three downstream 

proteins after passing through the upstream stenotic region or the chamber containing no 

stenotic region (shear rate of 400 s−1). Scale bar represents 20 μm.
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Figure 4. 
Velocity profiles in four different flow chambers. The first 20 mm of each experimental flow 

chamber was simulated using COMSOL Multiphysics to visualize the velocity profiles in 

the anastomotic regions. The profiles show the velocity cross-section at the middle height of 

the channel (at the depth of 0.05 mm).
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Figure 5. 
Platelet adhesion to three downstream capture proteins at upstream shear rates of (A) 500 s
−1 and (B) 1000 s−1 for three different lengths of stenotic regions. Statistical significance 

was obtained using paired t-test (n = 30, *p < 0.05, **p < 0.005 and ***p < 0.0005).

Rahman et al. Page 18

Acta Biomater. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Flow cytometry analysis of platelet activation. Expression levels of (A) P-selectin and (B) 

PAC-1 receptor (integrin αIIbβ3) 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 

paired t-test (n = 3, *p < 0.05 and **p < 0.005 relative to “no stimulation” control).
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Figure 7. 
Flow cytometry analysis of platelet activation. Expression levels of (A) CD63 (lysosomal 

glycoprotein) and (B) phosphatidylserine (via annexin V binding) 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 
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significance was obtained using paired t-test (n = 3, *p < 0.05 and ***p < 0.0005 relative to 

“no stimulation” control).
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