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Abstract

Thrombus formation is a major adverse event affecting patients implanted with ventricular assist 

devices (VADs). Despite anti-thrombotic drug administration, thrombotic events remain frequent 

within the first year post-implantation. Platelet activation (PA) is an essential process underling 

thrombotic adverse events in VAD systems. Indeed, abnormal shear forces, correlating with 

specific flow trajectories of VADs, are strong agonists mediating PA. To date, the ability to 

determine efficacy of anti-platelet (AP) agents under shear stress conditions is limited. Here, we 

present a novel microfluidic platform designed to replicate shear stress patterns of a clinical VAD, 

and use it to compare the efficacy of two AP agents in vitro. Gel-filtered platelets were incubated 

with i) acetylsalicylic acid (ASA) and ii) ticagrelor, at two different concentrations (ASA: 125 and 

250μM; ticagrelor: 250 and 500nM) and were circulated in the VAD-emulating microfluidic 

platform using a peristaltic pump. GFP were collected after 4 and 52 repetitions of exposure to the 

VAD shear pattern and tested for shear-mediated PA. ASA significantly inhibited PA only at 2-fold 

higher concentration (250 μM) than therapeutic dose (125 μM). The effect of ticagrelor was not 

dependent on drug concentration, and did not show significant inhibition with respect to untreated 

control. This study demonstrates the potential use of microfluidic platforms as means of testing 
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platelet responsiveness and AP drug efficacy under complex and realistic VAD-like shear stress 

conditions.
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1. Introduction

Mechanical circulatory support devices, such as ventricular assist devices (VADs), continue 

to emerge as effective therapy for patients with advanced and end-stage heart failure [1,2]. 

Despite significant improvement of patient survival and quality of life associated with VADs 

versus medical treatment [3], VAD therapy remains plagued by post-implant adverse events 

including thrombosis, hemolysis, bleeding and infection [4]. Thrombus formation, in 

particular, is a frequent and serious complication [5] often occurring within the first year 

post-implant. Thrombotic complications may have catastrophic consequences that might 

seriously compromise patients’ survival.

To limit the thrombotic risk, VAD patients are routinely administered a combination of anti-

thrombotic agents consisting of anti-platelet (AP) agents, e.g. aspirin (ASA), pentoxyfilline 

and dipyridamole; and anti-coagulants, such as heparin and warfarin; with the aim of 

inhibiting both platelet activation (PA) and subsequent zymogen coagulation pathways 

driving thrombotic events [6]. However, despite current anti-thrombotic strategy, the 

occurrence of post-implant thrombosis persists [7], raising concerns as to the actual efficacy 

of present drug regimens. Recent studies by our group have in fact demonstrated that at 

levels of shear stress characteristics of VADs, ASA has limited ability to protect from shear-

mediated platelet activation (SMPA) [8].

Current AP agents largely inhibit pathways of platelet activation or aggregation principally 

triggered by biochemical agonists. Interestingly, limited insight exists as to their efficacy in 

inhibiting mechanical agonists such as physical stimuli (i.e., shear stress), which are 

dominant drivers of thrombosis in VADs. Indeed, VADs are characterized by narrow 

geometries, where flowing blood undergoes rapid accelerations and platelets are subjected to 

non-physiologic, extreme levels of shear stress and fast dynamics, as reported in different 

numerical studies in which the fluid dynamics in real devices was simulated [9,10]. In 

particular, in the study by Chiu and co-authors [10], shear stress patterns along platelet 

trajectories in two commercial axial VADs were analyzed under normal operating 

conditions, corresponding to a cardiac output of 4 L/min: such patterns of shear stress are 

characterized by peaks of shear magnitude in the range 100–300 Pa, significantly higher 

than physiological values (1 – 5 Pa). Also, exposure time to shear stress in VADs was 

estimated to be in the range 20–100 ms. Thus, in such a short residence time in the pump, 

platelets are exposed to highly varying levels of shear stress, due to continuous local 

accelerations and decelerations of flow. Such mechanical stresses were hypothesized to 

cause significant platelet membrane alterations, cytoskeleton rearrangements and release of 
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cytoplasmic content, eventually leading to the activation of the coagulation cascade [11–13] 

which in combination with recirculating flow patterns in specific areas of the device (e.g., in 

the flow-straightener or between the flow straightener and the impeller) can determine the 

formation of a thrombus [14,15].

Based on these considerations, studying platelet response under pathological and elevated 

shear stress generated in VADs would be of utmost importance to understand related 

pathological behavior inducing thrombotic processes. Also, evaluating the efficacy of 

pharmacological treatment in altered VAD hemodynamic conditions would be beneficial to 

develop effective therapeutic strategies.

Recently, different in vitro studies have focused on the effect of non-physiological and 

elevated shear stress on platelet activation in therapeutic blood recirculating devices [16–19]. 

As such, our understanding of mechanisms participating in SMPA has only recently begun 

to be more fully elucidated, involving mechano-destruction, mechano-sensing and mechano-

transduction mechanisms [20].

In the clinical setting, monitoring of pro-thrombotic conditions of patients today is 

predominantly performed by testing platelet function and the formation of coagulation 

products in response to biochemical agonists, i.e. ADP, collagen, thrombin, and TRAP [21–

24] under static or low shear conditions, thus neglecting the contribution of supra-

physiological shear stress.

As an alternative, laboratory-based in vitro tests have been developed which allow 

determination of platelet response under controlled shear stress conditions. Such systems 

consist of modified viscometers (either parallel plate or cone and plate configurations) in 

which the platelet sample is exposed to controlled shear conditions [25,26]. In a recent study 

by Valerio and co-authors [8], the effect of ASA on the shear stress-mediated platelet 

response was evaluated through use of a viscometer-based system allowing generation of 

dynamic and complex shear stress patterns. In addition to demonstrating minimal efficacy of 

ASA as an effective means of limiting SMPA, the study revealed that platelets exhibit 

differing responses when stimulated with constant versus dynamic shear stress conditions, 

suggesting that dynamic stresses are relevant drivers of SMPA. Moreover, the authors also 

suggested that AP efficacy is influenced by the complex nature of hemodynamic shear stress 

patterns. However, the viscometer-based system limited the maximum levels of shear stress 

attainable to 10 Pa, which is an order of magnitude lower than actual shear stress estimated 

in VADs [27]. Additionally, viscometer-based systems are large, bulky and laboratory-based, 

requiring large volumes of sample – i.e. 5 mL/run, all characteristics that have so far limited 

their use to pre-clinical research only, with limited translational capability to the clinical 

setting.

Microfluidic-based devices were recently proposed with the aim of studying platelet 

response under shear flow conditions [28–30]. Microfluidic devices have the potential to 

overcome the limitations of current bench-top laboratory systems, affording portability and 

translation to the clinic. They require reduced sample and reagent volumes and are 

potentially transferrable to the routine clinical laboratory and potential to the bedside. In 
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recent studies, microfluidic platforms were utilized to evaluate anti-thrombotic drug effects 

on platelets under controlled shear stress conditions. Hosokawa and colleagues [31] 

proposed a microfluidic device to monitor white thrombus formation on collagen- and tissue 

thromboplastin-coated surfaces under arterial shear rates. The device was used to evaluate 

the effects of IIb/IIIa, Ibα inhibitors, heparin and enoxaparin. A similar approach was used 

by Jain and co-authors [32] who replicated shear rates typical of stenotic vessels in 

microfluidic channels. Stenotic conditions were also replicated in the system proposed by Li 

and colleagues [33] who evaluated the effect of ASA and eptifibatide on thrombus formation 

in collagen-coated microchannels under arterial shear stress conditions.

These studies represent an advance compared to standard in vitro tests of hemostasis, as they 

allow for monitoring platelet response under shear flow conditions. However, most 

microfluidic systems to date have been developed to test shear-mediated thrombosis at 

physiologic or time-constant venous or arterial shear rates. Also, in studies where non-

physiological shear conditions were considered, e.g. replicating stenotic vessels [32,33], 

flow conditions are still far from those occurring in VADs, which is characterized by 

“hypershear” and complex time-varying shear conditions.

To further advance the use of microfluidic technology in the study of pro-thrombotic 

processes under shear, here we propose a methodological approach based on microfluidic 

technology that allowing testing of the platelet response to AP agents under VAD-like 

supraphysiological shear stress conditions. We make use of a numerical approach that allows 

the design of microfluidic channels able to generate dynamic and complex shear stress 

patterns replicating those occurring in VADs [34]. Herein, this approach was applied to a 

specific case study of a commercial VAD, and two AP agents – aspirin – a conventional 

agent, and ticagrelor – a newer agent, are tested.

2. Materials and Methods

2.1 Microfluidic platform

The microfluidic device utilized in this study was initially described in a previous work [35]. 

It features a series of four identical channels (shearing channels) designed to subject 

platelets to a dynamic shear stress profile that emulates a representative pro-thrombotic flow 

trajectory of a prototypic VAD – the HeartAssist5 VAD (HA5, MicroMed Technology, 

USA).

More specifically, the selected flow trajectory was extracted from multiphase CFD analyses 

of the HA5 [10], in which the VAD operating at a continuous flow rate of 4 L/min 

(corresponding to 9000 rpm pump speed, as for a typical adult patient) was simulated. The 

HA5 shear stress pattern derived from the CFD analyses is shown in Fig. 1 (left panel): it is 

characterized by a highly dynamic pattern with consecutive peaks of elevated shear stress 

(approaching values of 100 Pa) and a total exposure time of about 25 ms. The corresponding 

shear stress pattern generated in the microfluidic channel is also shown in Fig. 1 (left panel). 

The microchannel was designed to replicate the main characteristics of the HA5 shear stress 

patterns (peak shear stress magnitude and exposure time). The design of the microfluidic 
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channel was obtained through the approach described in [34], that is based on multiphase 

CFD analyses in which platelet trajectories are simulated through the microchannels.

The designed HA5-emulating microchannel is shown in Fig. 1 (right panel): it is 

characterized by a constant height of 50 μm and a width that varies from 15 to 120 μm and is 

able to expose platelets to the specified shear stress pattern when a constant flow rate of 24 

μl/min is applied. Microfluidic platforms featuring a series of four identical HA5-emulating 

channels were fabricated in polydimethylsiloxane (PDMS) through standard soft-lithography 

and sealed with glass coverslips after exposure to oxygen plasma treatment.

2.2 Platelet sample preparation

Gel-filtered platelets (GFP) were utilized and SMPA was assayed through the Platelet 

Activity State (PAS) assay. The PAS assay is a chromogenic assay able to quantify the 

thrombin production rate of activated platelets, which correlates with the actual level platelet 

activation [27]. For sample preparation, thirty ml of whole blood was drawn via 

venipuncture from healthy adult volunteers following informed consent and collected into 

10% anticoagulant acid-citrate-dextrose. Blood was centrifuged at 450 g x 15 min to obtain 

platelet rich plasma (PRP). PRP was then filtered through Sepharose 2B columns (60–200 

μm diameter, 2% agarose; Sigma-Aldrich, USA) to separate platelets from plasma proteins 

yielding GFP. Before experiments, GFP were counted using a Z1 Particle Counter (Coulter, 

Miami, FL, USA) and diluted to a final concentration of 20,000 platelets/μl in a Hepes-

modified Ca2+-free Tyrode’s platelet buffer containing 0.1% fatty-acid-free bovine serum 

albumin. GFP were subsequently incubated with AP agents, re-calcified with CaCl2 (3 mM 

final concentration) and evaluated for SMPA in the microfluidic platform. All experiments 

were conducted within 6 hours of phlebotomy.

2.3 Anti-platelet agent preparation

Two different AP agents were tested, ASA and ticagrelor. Solutions of these agents were 

prepared by dissolving 113 mg of ASA (Sigma Aldrich, USA) in 1 ml dimethyl sulfoxide 

(DMSO) and 18 mg of ticagrelor (Thermo Fisher Scientific Inc, USA) in 10 ml DMSO. 

Actual drug concentrations were obtained via UV spectrometry utilizing a DU® 730 UV/Vis 

spectrometer (Beckman Coulter®, USA). The presence of drug in solution was confirmed by 

obtaining the absorbance spectrum in the UV range (190 - 350 nm) and checking the 

presence of specific peaks representative of the two drugs. Drug concentration was 

calculated by measuring absorbance at a fixed wavelength (276 nm for ASA and 222 nm for 

ticagrelor) and using calibration curves [36,37]. Working solutions of AP agents were 

prepared by dissolving the storage solutions in modified Tyrode’s buffer at final 

concentrations of 12.5 mM for ASA and 62.5 μM for ticagrelor. Working solutions were 

prepared and utilized immediately for exposure and incubation of GFP and discarded 

immediately thereafter to avoid degradation of the active agent in aqueous solutions. For 

both ASA and ticagrelor, two different final concentrations in GFP were tested: 125 and 250 

μM for ASA and 250 and 500 nM for ticagrelor. The lower values were chosen to replicate 

typical in vivo therapeutic doses, as detected in plasma after administration of commercial 

tablets of ASA (500 mg) and ticagrelor (90 mg) in humans [38,39]. Higher concentration 

levels were chosen to replicate conditions tested in previous in vitro studies [40,41], and also 
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to emulate higher doses of drugs in vivo. GFP were incubated 30 minutes with ASA and 10 

minutes with ticagrelor at room temperature prior to run the experiments, according to 

previous studies [40,41]. For all the tested conditions, the final concentration of DMSO in 

GFP was kept below 0.01% (v/v ratio) to avoid any undesired effect of DMSO on platelet 

response.

2.4 Static condition and sonication tests

The effects of ASA and ticagrelor were first tested on negative and positive control samples, 

i.e., resting platelets – platelets in static conditions in the absence of any agonist, and 

sonicated platelets. Indeed, sonicated platelets yield maximal pro-thrombinase activity as 

measured by the PAS assay [42]. AP-treated and untreated GFP samples were tested under 

static conditions and following sonication. For sonication tests, an ultrasonic device (SLPE 

Branson, MO, USA) characterized by an efficient output frequency of 40 kHz was used. 

GFP samples were sonicated at 75 W for 10 s before being tested for platelet activation.

2.5 Microfluidic flow loop tests

SMPA was assessed in both the presence and absence of AP drugs by recirculating GFP in 

the microfluidic platform. Three flow loops were setup and tested in parallel using a 

multichannel peristaltic pump (Ismatec® IPC-N, Cole-Parmer GmbH, Germany). Each 

hydraulic line comprised a pump tube (PharMed®, 250 μm inner diameter, 20 cm length), 

two stainless steel couplers (23G, 1 cm length) used to connect the tubing to the access ports 

of the microfluidic platform, a tygon tube (0.508 inner diameter, 6 cm length), and one 

HA5-emulating microfluidic platform (Fig. 2, left panel).

Prior to experiments, each hydraulic line comprising the microfluidic platform, connection 

and pump tubes and the stainless steel couplers, was pre-conditioned by filling with 3% w/v 

bovine serum albumin in PBS and incubated for 1 hour at room temperature to passivate 

surfaces and avoid platelet adhesion and activation due to contact with synthetic materials, 

according to [29]. Lines were then extensively flushed with PBS to remove excess albumin.

Experiments involved all 3 lines in parallel. After filling the hydraulic lines with GFP 

samples, 30 μl of GFP was collected and tested for PA: this first time point corresponds to 

platelets exposed to N=4 repetitions of the HA5 shear stress pattern. The hydraulic lines 

were then closed, the pump operated and GFP recirculated at a flow rate of 24 μl/min for 20 

minutes. After 20 min flow loop, GFP in each hydraulic line were collected at the second 

time point, corresponding to N=52 repetitions of the shear stress pattern (Fig. 2, right panel).

It should be noted that the second time point of the microfluidic flow loops corresponds to 

67 minutes of continuous VAD support (if considering a cardiac output of 4 L/min and a 

total blood volume of 5 L). Although replicating relatively short exposure time to VAD 

support, this time point (52 repetitions of the shear stress pattern) was chosen based on our 

previous study in which a stable platelet activation level was achieved in the microfluidic 

platform above 40 repetitions of shear stress patterns [35].
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Preliminary control tests were conducted to assess that negligible platelet activation was 

obtained following recirculation of platelet samples in the hydraulic lines in the absence of 

the microfluidic platforms (i.e. in the tubes and stainless steel couplers).

Experiments were replicated with N=6 different blood donors. For each blood donor, 3 lines 

were used to test different conditions simultaneously: untreated GFP (as negative control), 

ASA-treated GFP and ticagrelor-treated GFP. Two consecutive tests (one for each drug 

concentration) were performed using the same hydraulic lines. Between consecutive tests the 

hydraulic lines were extensively flushed with Hepes-modifed platelet buffer, while for 

different blood donors new hydraulic lines (including the microfluidic platforms) were used.

2.6 Platelet activity test

Samples from resting, sonicated and GFP recirculated in the microfluidic channels was 

assayed for platelet activation using the modified-prothrombinase Platelet Activity State 

(PAS) assay [27]. This method was specifically developed to quantify SMPA in vitro. 

According to the PAS assay, after static incubation, sonication or shearing, GFP are 

incubated for 10 minutes at 37°C in the presence of acetylated prothrombin, CaCl2 and 

factor Xa. During incubation, prothrombin is converted into thrombin depending on the pro-

thrombotic activity of platelets, i.e., proportionally to the actual level of platelet activation. 

The use of acetylated prothrombin as a substrate for thrombin prevents the positive 

thrombin-mediated feedback on platelet activation, allowing to uniquely correlate the 

thrombin production rate to the shear-mediated activation of platelets. For the 

measurements, a VersaMax™ ELISA Microplate Reader (Molecular Devices LLC, CA, 

USA) in kinetic mode (8-min kinetic reading). Chromozym-TH (Roche Diagnostics, USA) 

was used as the thrombin specific chromogenic substrate. Measurements obtained from 

sheared GFP samples were normalized against activation measured for sonicated GFP, i.e., 

against maximal platelet pro-thrombinase. Thus, PAS values on sheared samples are 

reported as a percentage of activation where 100% is the activation measured on sonicated 

GFP.

2.7 Statistical analyses

Data were analyzed with GraphPad Prism 7.2 (GraphPad Software, Inc., CA, USA). One-

way ANOVA or Kruskal-Wallis tests were performed. When significant difference was 

found with ANOVA, Dunnett’s test was used for multiple comparisons of drug-treated vs 

untreated groups. Kruskal-Wallis was utilized when non-normality was found in at least one 

group. In this case, for multiple comparisons, the Dunn’s test was used to test difference of 

treated vs untreated groups.

3. Results

3.1 Static conditions and sonication

Results of the PAS assay performed on non-stimulated and sonicated GFP, in the absence 

and presence of AP drugs, are shown in Figure 3. Exposure of GFP to either ASA or 

ticagrelor under static conditions did not affect platelet response as measured by the PAS 

assay (p>0.05). Significant activation of sonicated platelets was detected, with no inhibition 
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provided by either ASA or ticagrelor with respect to untreated control (p>0.05). As 

expected, regardless of AP agent concentration, high PAS values were obtained via 

sonication, while low values were observed for resting platelets.

3.2 Microfluidic flow loop tests

Results of flow loop testing utilizing the HA5-emulating microfluidic platforms are reported 

in Figure 4. PAS values of sheared platelets following exposure to N=4 and N=52 repetitions 

of the HA5 emulating shear stress pattern both in the presence and absence of AP agents 

were normalized against PAS of sonicated GFP. For both treated and untreated GFP, a 

significant increase of platelet activation was obtained following 52 repetitions of the shear 

stress pattern. In the absence of drugs a high level of activation was reached, equal to 25 

± 9 % and 57 ± 11 % of sonication activation at N=4 and N=52 repetitions, respectively 

(compared to PAS level of 11 ± 0.3 % for non stimulated untreated GFP). In contrast, 

incubation of GFP with drugs resulted in decreased levels of platelet activation, indicating 

that under the conditions tested both AP agents were able to somewhat limit SMPA. 

However, inhibition was statistically significant only in the case of ASA (p<0.5 and p<0.01 

for ASA 125 and 250 μM at N=4 repetitions, respectively). In addition, with the increase in 

ASA concentration from 125 to 250 μM SMPA was further inhibited following 52 

repetitions of sear stress (from 40 to 60% inhibition compared to control, p<0.05 for ASA 

125 μM and p<0.0001 for ASA 250 μM). On the other hand, ticagrelor showed lower 

inhibitory efficacy (22% at 500 nM and longer shearing time), which was not statistically 

significant with respect to untreated control (p =0.16).

4. Discussion

In this study, we present a new approach for evaluating AP agent efficacy in vitro based on 

the use of a microfluidic platform specifically designed to replicate shear stress patterns of 

commercial clinical VADs. Both ASA, a traditional AP drug utilized to prevent VAD 

thrombosis and ticagrelor, a newer agent in widespread use for coronary artery disease with 

promising experience with VADs, were tested. Our results, demonstrate that the microfluidic 

platforms and recirculation regimes employed effectively activated platelets mechanically, 

leading to shear-mediated platelet activation. Further, the platforms and methodology 

utilized allowed for the discrimination of inhibitory efficacy mediated by different drugs and 

drug concentrations under emulated VAD-like shear stress conditions.

While previous studies have evaluated efficacy of AP drugs in vitro [41,43–46] few have 

examined efficacy under shear flow conditions [33,47]. The present study provides an 

advance in both device and method, affording the possibility of testing platelet 

responsiveness following AP drug treatment in vitro under realistic and VAD-specific shear 

stress conditions. Indeed, to the best of our knowledge, no prior studies utilizing 

microfluidics allow for assessment of platelet activity under such complex and elevated 

shear flow conditions.

Utilizing the microfluidic VAD-emulating device, we successfully achieved SMPA and were 

able to discriminate between varying degrees of inhibition mediated by AP agents. Total 

exposure time to shear was in the order of 13 s (following 52 repetitions of the shear stress 
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patterns), which resulted in a significant level of platelet activation for untreated platelets. 

This result is in agreement with the platelet activation response expected from Hellum’s plot 

[48], in which a few seconds of exposure time to shear stress of about 100 Pa overcome the 

threshold for mechanical shear activation. However, Hellum’s plot specifically refers to 

constant shear stress conditions: conversely, in this study dynamic shear stress patterns were 

considered and tested, whose effects on platelet response have not been fully described in 

the literature.

We observed that ASA somewhat limited SMPA, with an elevated dose (250 μM) providing 

additional inhibition of SMPA. Importantly, with the proposed methodology we could 

discriminate differential levels of inhibition of SMPA between different agents and different 

doses (concentrations) of drugs. Our results suggest that microfluidic platforms could set the 

basis for a promising system for clinical testing of AP drugs under controlled, and well-

defined shear conditions mimicking those encountered in mechanical circulatory support 

devices.

AP agents are the mainstay of clinical pharmacological therapy to limit SMPA associated 

with VADs [49]. Currently, ASA is the dominant and often sole agent utilized, at doses of 81 

– 325 mg/day, for patients implanted with continuous flow VADs, which are comparable to 

those we have emulated in the present study [50]. Despite ASA management, VAD 

thrombosis continues to occur to varying degrees in patients and recently has been on the 

rise [4]. Our findings of only partial inhibition of SMPA by ASA are consistent with and 

supported by recent studies from our group which demonstrated that under elevated shear 

conditions associated with VADs ASA has limited ability to limit SMPA [8]. In the present 

study, we extend this observation with the finding that at ASA levels above conventional 

therapeutic dose, i.e. 250 μM, further inhibition of SMPA can be achieved under dynamic 

VAD-like shear stress conditions. The translational implication of this finding raises the 

potential of utility of higher dose ASA in cases in which exacerbated hypershear is 

suspected associated with imminent VAD thrombosis. A note of caution though as high dose 

aspirin is associated with significant risk and toxicity including tinnitus, abdominal pain, 

metabolic acidosis and bleeding risk. Of note, the clinical trend today is in fact to limit ASA 

use due to concomitant bleeding observed in VAD patients associated with hypershear-

mediated acquired von Willebrand disease [51], thus simultaneous monitoring of bleeding 

risk would be necessary.

In this study, shear stress patterns of the HA5 VAD resulting from CFD analyses [10] in 

which complex fluid dynamic effects (such as swirling, secondary and turbulent flows) are 

accounted for were considered. According to our approach the VAD-specific shear pattern 

extracted from CFD is mapped onto a microfluidic channel geometry such that platelets 

flowing in the channel are exposed to the same shear pattern [34]. It is worth noting that 

differently from the VAD, the flow regime in microfluidic devices is dominated by viscous 

forces: thus, they allow emulation of VAD-like shear stress levels and exposure time to shear 

without replicating the actual complex flow conditions of a VAD. The latter would be more 

accurately recreated in vitro by means of flow loops in the presence of the real VAD. 

However, as opposed to these methodologies, the microfluidic-based approach has the 

advantage of being potentially advanced to routine laboratory or bedside-based tests of the 
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VAD patients’ pro-thrombotic risk. Devices may be adopted for point-of care use to aid in 

screening differing AP drug regimens and doses in patients prior to VAD implantation. The 

approach described in the present study specifically evaluated the platelet response 

following AP drug treatment under HA5-specific shear stress conditions. While it is our 

intent for this approach to be generally applicable broadly to VAD therapy, the specific 

findings reported are reflective of the VAD tested. Indeed, similar studies could be extended 

to different VADs and devices (i.e., axial vs. centrifugal pumps), since different shear stress 

dynamics have proven to distinctly modulate platelet response [8]. This can be readily 

achieved with the approach and devices described by designing ad hoc microfluidic 

channels, as previously proposed in our numerical study [34].

Nonetheless, our approach presents some limitations that must be overcome in order to 

further translate the microfluidic system for clinical use. First, GFP were used as the platelet 

test sample. Preparing GFP requires gel-column filtration, which makes the preparation of 

the platelet sample time consuming and thus less suitable to translation to the clinic. Further, 

even if a filtration system might be incorporated within the microfluidic platform, assessing 

SMPA with platelets free of plasma coagulation factors provides a partial story – that of the 

impact of flow conditions on platelets – which is valuable and unique information on the one 

hand but does not take into account other aspects of Virchows triad, which also contribute to 

overall net thrombus formation. It is worth clarifying that in this study, GFP was selected to 

properly conduct platelet activation tests by means of the PAS assay [52], which is 

recognized as a valuable and sensitive tool to quantify platelet activation associated to the 

effect of shear stress conditions in vitro [16,42]. A recent study also introduced the PAS 

assay in the clinical setting for the assessment of prothrombotic conditions and monitoring 

of drug regimen of hospitalized patients implanted with continuous flow left VADs [53]. 

However, more extensive studies are needed to support the use of the PAS assay as a 

sensitive tool for predicting the development of thrombotic processes in vivo.

As an alternative, the use of whole blood samples and inclusion of sub-endothelial 

extracellular matrix protein substrates for studying platelet adhesion and aggregation 

following exposure to shear could be integrated in the microfluidic platform. This will allow 

accounting for different elements involved in thrombotic processes in vivo, such as: i) the 

effect of hemoglobin, ADP and LDH release from hemolyzed red blood cells [54], ii) the 

presence of prothrombinase complex elements in plasma that once converted in their active 

form, strongly influence thrombosis; and iii) the effect of other factors determining 

hemostatic processes under shear flow conditions, such as von Willebrand factor.

In addition, collection and manipulation of the platelet sample was necessary to perform the 

PAS assay. This two-step procedure is not optimal as manipulation of the sample may 

introduce experimental variability, and the delay between the end of the stimulus (shear 

stress in the microfluidic channels) and the assay may also alter platelet response.

To overcome these limitations, integrated on chip tests of platelet activation should be 

developed, allowing real-time monitoring of platelet response without the need for sample 

collection and limiting operator-dependent procedures. A fluorescence-based approach 

could be utilized, such as monitoring of platelet Ca2+ influx by using Ca2+ fluorescent probe 
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incorporated in the platelet sample and performing fluorescence acquisition on chip using 

fluorescence microscopy. Similar approaches have been utilized in previous studies [55–57] 

and allowed to discriminate different levels of platelet response. Fluorescence-based assays 

are one of the main approaches for microfluidic on chip tests as they allow for targeting 

specific molecules or biological products and due to their non-destructive characteristic, 

which allows acquisitions at different time points of the experimental procedure. However, 

staining of the biological sample may require expensive antibodies and preliminary 

manipulation. In addition, adequate equipment and high magnification objectives are 

required for proper acquisitions.

5. Conclusion

Microfluidic platforms, designed to emulate and reproduce dynamic shear stress patterns 

occurring within VADs, effectively activate platelets as a small format surrogate. Use of 

these platforms has been shown herein to allow determination and discrimination of AP 

agent efficacy as to limiting SMPA. Our results further corroborate that ASA, the mainstay 

of VAD AP therapy, has limited efficacy in modulating SMPA, though at very high dose 

may provide additional inhibition. Further development of the microfluidic approach has the 

potential to result in simple, portable, easy-to-use, small footprint systems with applicability 

to the laboratory and the field for point-of care setting. Utilization of such systems may 

further assist clinicians in the complex management of patients with VADs in an effort to 

personalize use of AP agents to limit thrombotic complications associated with VAD use.
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HA5 HeartAssist5

PAS platelet activity state
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Highlights

• A microfluidic platform is proposed to test anti-platelet agents under shear

• High and dynamic “VAD-like” shear patterns are replicated in the 

microfluidic device

• Platelet activity state assay is utilized to evaluate inhibitory effects of two 

anti-platelet agents
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Figure 1. 
Left: pattern of representative shear stress pattern of the HA5 VAD and corresponding 

pattern of shear stress in the HA5-emulating microfluidic channel. Right: the HA5-

emulating microfluidic channel.
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Figure 2. 
Left: schematic representation of the set-up used for the flow loop tests: three hydraulic lines 

each one featuring one HA5-emulating microfluidic platform. Each platform (red box) 

features a series of 4 identical shearing channels (grey dashed box). Right: the collection 

time points of the flow loop tests are shown: first collection was done at 4 repetitions (N=4 

reps) of the HA5 shear stress pattern, while second collection was done at 52 repetitions 

(N=52 reps) of the shear stress pattern. The red and dashed grey boxes in the plot are used to 

show correspondence with the microfluidic platform shown in the picture. For a clear 

representation, only few shear stress patterns are reported in the plot.
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Figure 3. 
Results of the PAS assay for non stimulated (resting) and sonicated GFP in the absence and 

presence of ASA and ticagrelor at two different concentrations. Data are shown as mean ± 

standard deviation.
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Figure 4. 
PAS results normalized to sonicated GFP obtained from flow loop tests in the HA5 

emulating platform in the presence and absence of ASA and ticagrelor. Results obtained at 

the two time points of collection (corresponding to N=4 and N=52 repetitions of the shear 

stress pattern) are reported. Data are shown as mean ± standard deviation. Significant 

difference with respect to untreated GFP (no drug condition) is reported (* p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001).
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