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Abstract

KEYWORDS

Due to the importance of fluid flow during thrombotic episodes, it is quite appropriate to study
clotting and bleeding processes in devices that have well-defined fluid shear environments.
Two common devices for applying these defined shear stresses include the cone-and-plate
viscometer and parallel-plate flow chamber. While such tools have many salient features, they
require large amounts of blood or other protein components. With growth in the area of
microfluidics over the last two decades, it has become feasible to miniaturize such flow
devices. Such miniaturization not only enables saving of precious samples but also increases
the throughput of fluid shear devices, thus enabling the design of combinatorial experiments
and making the technique more accessible to the larger scientific community. In addition to
simple flows that are common in traditional flow apparatus, more complex geometries that
mimic stenosed arteries and the human microvasculature can also be generated. The composition of the microfluidics cell substrate can also be varied for diverse basic science investigations, and clinical investigations that aim to assay either individual patient coagulopathy or
response to anti-coagulation treatment. This review summarizes the current state of the art for
such microfluidic devices and their applications in the field of thrombosis and hemostasis.
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Introduction
Human vascular networks are complex in that vessel size scales
from 1–3 cm in the aorta and pulmonary arteries down to 3–10
μm in capillaries [1]. The applied wall shear stress (=viscosity ×
local shear rate for Newtonian fluids) also varies dramatically
from ~0.7–9 dyn/cm2 in the venous circulation to 20–70 dyn/
cm2 in arterioles, and up to >450 dyn/cm2 in stenosed arteries [2].
The range of wall shear rates (a measure of velocity gradient)
corresponding to these fluid shear stresses ranges over three
orders of magnitude from 15 to 10 000/s. This complex biophysical milieu is a host to a variety of biological processes that
regulate platelet adhesion to damaged vessels walls, leukocyte
adhesion at sites of inflammation, and coagulation processes
that eventually plug the flow of blood [3]. The different biophysical and biochemical processes that participate in these processes
are all part of the Virchow’s triad [4]. These include: (1) blood
components including the various coagulation factors and associated risk factors that control hypercoagulability like natural
single-nucleotide polymorphisms (SNPs) that alter protein function, (2) injuries or trauma that contribute to vessel/endothelium
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dysfunction during wall injury, hypertension, medical devices, or
chronic inflammationm and (3) alterations in fluid flow either due
to stasis in local regions of the circulation or abnormal shear
profiles due to vessel constrictions or stenosis.
The above processes are primarily regulated by biophysical
(flow, morphology, and gradients) and biochemical (molecules,
matrixes, and cells) components. While biochemical factors
including cell surface receptors and vessel wall composition
have been extensively characterized [5,6], the roles of biophysical
components is less characterized in part due to the failure to
reproduce physiological fluid shear in many in vitro assays.
Traditional parallel plate flow chambers and newer microfluidic
devices have emerged as a promising technology to fill this gap.
They enable the study of biological processes under fluid shear,
both for gathering basic science knowledge and for point-of-care
diagnostic applications. This review presents selected applications
of microfluidics to investigate processes regulating thrombosis
and hemostasis.

Complex flows and combinatorial experiments enabled
by microfluidics technology
Parallel plate flow chambers and cone–plate viscometer shearing
devices were introduced in the 1980s to study the role of fluid
shear in regulating thrombosis. Typical flow chambers are transparent. They require a syringe pump to inject/perfuse a suspension of cells at low Reynolds numbers (low flow conditions that
typically result in laminar flow, without turbulence) over a desired
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Figure 1. Fabrication of microfluidics flow cells using polydimethylsiloxane replica molding. A. Fabrication starts with the design of the geometry and
fluid dynamics that are of interest. The photolithography steps make use of the negative photoresist, e.g., SU-8. Exposure of this resist to UV radiation
in the presence of the pattern mask results in the master mold. Then polydimethylsiloxane (PDMS) is used to cast microfluidic devices containing predesigned structures reflected by the mold. In the final step, the PDMS mold is peeled from the master template and assembled into a flow device. B.
Design and applications of microfluidics. Online figure is available in color.

range of shear rate to mimic in vivo hemodynamics. By seeding
cells or immobilizing protein substrates on the chamber substrate
to mimic the blood vessel wall, such flow devices have been
applied to study leukocyte-endothelial cell interactions [7,8] and
thrombus formation under flow [9]. While valuable for studying
simple cell interactions under constant shear in a square crosssection device, classical flow chamber fabrication techniques are
unable to mimic flow dynamics in circular vessels with convergent or divergent flows, and 3D vascular networks where bifurcation or stenosis is prevalent. Additionally, they require a large
amount of reagents for a single run.
The design of microfluidic devices enables the creation of
more complex geometries that more accurately mimic μm-size
features observed in the vasculature. Under the most standard
condition, photolithography methods originally developed in the
1960s for building integrated circuits have been used to build
microfluidic devices (Figure 1). This method allows the creation
of features down to 100 nm. To achieve this, first, a photoresist
(often SU-8) of defined thickness is spin-coated under well-controlled speeds onto a silicon wafer. UV light is then exposed on
the thin photoresist layer through a high-resolution mask, printed
with a pattern of interest. This operation crosslinks all regions of
the photoresists and saves the area protected by the mask.
Chemical removal of the non-crosslinked material results in a
template master mold. Beginning in the 1990s, a range of techniques were developed, using “soft” elastomers often composed
of PDMS (polydimethysiloxane) [10]. In one variant of this “soft
lithography” method, negative templates of the rigid master mold
were created in PDMS and these were either chemically bonded
or vacuum-sealed onto glass/PDMS substrates to create simple

flow cells (Figure 1A). PDMS templates generated from the
original master can also be used to as a secondary master to
fabricate additional devices using other biocompatible polymers,
a method called “replica molding”. Proteins mixed in an ink, and
soaked into the PDMS mold, can also be “microcontact printed”
onto surfaces for easy template duplication. In this case, the ink is
often made of alkanethiols which form self-assembled monolayers (SAMs) on gold. The interaction of these alkanethiols
with proteins then enables high-resolution patterning of proteins
on the gold substrate. Additionally, the above soft lithography
techniques can be augmented with computational fluid dynamic
(CFD) based modeling, to create more complex microfluidic
device designs and networks. Studies with these new devices
can enhance our understanding of vascular disease processes
and result in the development of next-generation diagnostics/
point-of-care devices (Figure 1B).

Platelet gpibα-VWF interactions leading to platelet
accumulation and thrombus growth
The adhesion of platelets onto denuded vessel walls is a shear
dependent process that is fundamental to thrombosis and hemostasis. This process is highly regulated by complex flow. This is
exemplified by earlier work that shows that platelet-rich thrombi
are found in regions of high-fluid flow such as arteries. When the
flow velocity is lower such as in the venous regime, red cells in
addition to platelets reside in the fibrin clots [11]. Cell adhesion at
the injured vessel site is initiated by the interaction of glycoprotein receptors expressed on platelet surface such as GpIbα and
αIIbβ3, with extracellular matrix molecules such as collagen and
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vitronectin [12]. The plasma glycoprotein von Willebrand factor
(VWF) is critical for thrombus formation under arterial flow
conditions, with fibronectin and fibrinogen also being important
at lower shears. VWF and fibrinogen form important substrates
that augment clot formation in various prosthetics, including left
ventricular assist devices [13].
Among the molecular interactions regulating platelet adhesion,
there is considerable interest in studying the effect of fluid shear
in controlling platelet GpIbα binding to von Willebrand factor
(VWF) immobilized on collagen at sites of vessel denudation.
Here, the A3-domain of VWF primarily binds extracellular matrix
proteins, with VWF A1-domain also recognized collagen-VI [14].
Once captured onto substrates, the A1-domain of VWF captures
platelet GpIbα from flow. Such cell adhesion is a transient, stopgo, shear-dependent interaction that is best studied under flow
[12,15]. During such platelet recruitment, shear rate, controls the
contact time between platelet membrane receptors and immobilized VWF at sites of vessel denudation [16]. This flow parameter
thus controls the on-rate of interaction or the cell capture rate
from flow. As increasing flow rate results in reduced contact time,
the platelet capture efficiency is greater at lower wall shear rates.
Shear stress affects the off-rate of the interaction by controlling
the lifetime of adhesive bonds, and consequently platelet detachment is augmented upon increasing shear stress. A number of
investigators have studied the shear-stress dependent kinetics of
platelet GpIbα-VWF interactions using ligand-coated microspheres [17,18]. In such work, Yago et al. [18] suggest that rather
than resulting in a monotonic increase in cell rolling velocity with
wall shear stress, the platelet GpIbα-VWF bond rather exhibits a
“catch bond” property. Due to such bond mechanics, platelet
rolling velocity is minimal at an intermediate shear. Besides,
catch bond formation, studies show that platelet deformation
also likely controls the rate of cell capture [17]. Together, the
unique GpIbα-VWF bond mechanics and platelet deformation
regulate the stability of the cell rolling/translocation interaction.
Besides natural VWF binding to platelet GpIbα, microfluidics
also aids structure-function relationship studies using mutant proteins. For example, Madabhushi et al. [19] created a series of
VWF variants and applied microfluidics to demonstrate that
VWF propeptide binding to the VWF D’D3 domain reduces
VWF-platelet adhesion interactions. This may represent a
mechanism by which the propeptide in blood regulates thrombosis in circulation. To elaborate on this concept, the authors also
made anti-D’D3 monoclonal antibodies that sterically inhibit the
A1 domain of VWF from binding platelet GpIbα in flow based
assays. Additionally, to demonstrate the importance of structural
features N-terminal to the A1-domain in regulating VWF-GpIbα
binding, various mutants were created [20]. Functional studies
performed with these constructs using microfluidics show that the
D’D3 domain of VWF is a key regulator that inhibits the binding
of platelet GpIbα to the VWF-A1 domain and thrombus formation
under physiological shear. In addition to D’D3, using VWF
mutants lacking the A2-domain, Aponte-Santamaria et al. [21]
show increased binding of platelets to VWF in the absence of A2.
Thus, both the domains that flank the A1 domain at the N(D’D3) and C- (A2) terminals may control platelet binding
under shear.
The newly recruited platelets on the denuded vessel wall are
activated by local soluble secreted agonists, receptor mediated
outside-in signaling (particularly via platelet GP-VI and VLA-2),
and other shear-dependent processes that elicit cytosolic calcium
flux. Here, the binding of GpIbα to the VWF A1 domain elicits
signals that contribute to platelet activation [22]. Such cell activation occurs both in the context of platelets bound to substrates,
and during shear induced platelet activation in suspension
[23,24]. In this context, initial platelet binding to immobilized
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VWF elicits a relatively small calcium peak (α/β) due to cation
release from intracellular stores. The second larger Ca2+ signal (γ
peak) occurs when platelets firmly attached via activated αIIbβ3
[25] and the VWF C1 domain [26]. Interestingly, such activation
is optional for thrombosis at high shear rates exceeding
10–20,000 s−1, since the VWF-A1 domains become “active” in
this regime and interacts with un-activated platelets to form
aggregate [27]. Here, VWF forms elongated fibers and become
the core of the aggregates. Using a tapering microfluidic flow
channel that mimics stenotic flow, Nesbitt et al. [28] suggest that
VWF-dependent, activation-independent platelet aggregation is
specifically initiated at the stenosis apex in the context of atherosclerosis, with further aggregate growth occurring downstream in
the expansion zone (Figure 2A). They propose that, rheology
rather than cell activation controls platelet aggregation. More
refined studies by Westein et al. [29] show that beyond rheological factors, endothelial secretion of VWF and autocrine platelet
stimulation are also necessary for aggregation downstream of
vessel stenosis (Figure 2B). Under high shear conditions, platelets
bind to immobilized VWF via discrete ligands and withstand
tensile forces resulting from hydrodynamic drag. This drag force
transmitted through the GpIbα receptor triggers cell signaling and
the exposure of phophatidylserine (coagulation reactions sites) on
the platelet membrane [23,24]. At the same time, the pulling force
also results in elongated membrane tethers and microparticles
[30]. Mechanisms contributing to platelet microparticle formation
include biochemical stimulation via thrombin and collagen [31],
and biomechanical forces [32,33].
Intracellular signaling is necessary for stable platelet adhesion,
and subsequent platelet recruitment via activated platelet αIIbβ3
receptor. In addition to platelet adhesion, the stoppage of blood
also depends on coagulation related fibrin network formation, clot
retraction and fibrinolysis [34]. Casa et al. used different geometry microfluidic devices to quantify the relative impact of plateletplatelet to platelet-surface interactions on cell adhesion [35].
Their results show that larger circular vessel geometries and
increasing rectangular test section aspect ratios favor plateletplatelet interactions compared to platelet-substrate binding,
which is more common in constricted vessels. Consistent with
this, surface-bound inhibitors are more efficacious in smaller
channels, while the ideal mode of clot inhibition is dependent
on local shear rate in larger channels [36]. Overall, studies using
microfluidic devices revealed important details on the mechanism
of platelet adhesion particularly the role of VWF, and the impact
of shear forces in clot propagation.

Microfluidic devices for measuring bleeding risk
The balance between pro- and anti-thrombotic processes in normal physiology is critical, and perturbation of this balance leads
to clinical pathology or bleeding diseases. To diagnose hemostatic
dysfunction, clinical tests focus on the evaluation of platelet
concentration and function, coagulation factor activity, and ancillary thrombotic or fibrinolytic proteins. Ideally, in addition to
measuring each of these parameters individually, it would also
be beneficial to quantify the integration between these distinct
biochemical processes in a shear and time dependent manner, in
assays that include the endothelium. In this regard, it is known
that platelet adhesion, aggregation and related VWF interactions
are shear dependent [37]. Additionally, the nature of fibrin mesh
formation during coagulation is also dependent on local thrombin
concentrations, and this is flow regulated [38]. Activated platelets
regulate coagulation via three major mechanisms: exposure of
phosphatidylserine on activated surface to enhance sites for coagulation [39]; providing thrombin and fibrin for these sites [40];
and regulating fibrin clot retraction [41]. Endothelial cells also
regulate clotting through the secretion of VWF, prostacyclin,

DOI: https://doi.org/10.1080/09537104.2017.1319047

Microfluidics for cell adhesion applications

437

Figure 2. Microfluidic devices to study platelet adhesion in post-stenotic region. In all examples, platelet adhesion and thrombus formation is observed
in the post-stenotic downstream region, in the “shear deceleration zone”. All studies measure platelet aggregation using whole blood. (A) Model
microfluidics channel incorporating fixed 90% stenosis. Wall shear rate changes abruptly from 1800 s–1 upstream to 200 s–1 in the shear deceleration
expansion zone. Scale bar = 10 μm (ref [28].). (B) 300 × 52 μm flow chamber with confluent endothelial/HUVEC substrate. Platelet aggregates
formed in whole blood, in a shear dependent manner, are shown using pseudo coloring of fluorescent platelets. Scale bar = 100 μm (ref [29].). (C)
Schematic to left showing a region of flow acceleration to the left (“pre-stenosed”) and flow deceleration to the right (“post-stenosed”). In between are
12 parallel 200 × 75 μm channels with a series of 60° angle turns. Right panel are representative images showing fibrin (top, green) and adhered
platelets (bottom, red), prominently in the post-stenotic region (ref [50].). Online figure is available in color. All figures are reproduced with
permission.

ADPases, thrombomodulin, and selectins that recruit white cells
[42]. Thus, microfluidic devices that mimic blood components
and flow dependent vessel wall interactions can aid diagnostics.
Unlike commercial devices like PFA-100® (Platelet Function
Analyzer 100), VerifyNow® and Cone and Plate analyzers that
provide end-point analyses, microfluidic assays incorporating
fluorescence microscopy has been widely used to follow the
temporal evolution of thrombi under shear. Depending on the
nature of the measurements, these assays can monitor multiple
output parameters including: immobilized platelet number and
aggregate morphology, platelet activation via cell surface
P-selectin, cell surface phosphatidylserine via Annexin-V measurements, fibrin formation and also local thrombin production
[20,43,44]. Using blood from FVIII−/- mice or human blood
supplemented with anti-FIXa aptamer, early studies by Ogawa
et al. [45], showed that thrombus formation patterns in haemophilia are regulated by fluid shear. Upon application of a novel
microfluidic device containing 8 channels to evaluate hemophiliac blood clotting, Colace et al. also demonstrated a correlation
between low coagulation factor activity (less than 1%) and deficiency in both fibrin formation and platelet deposition [43]. The
contribution of recombinant Factor VIII in hemophilia A patients
to fibrin formation has also been evaluated [46]. Flow devices
have also been used to evaluate von Willebrand Disease (VWD).
Using a flow chambers with varying linear shear rates, Sugimoto
et al. compared mural thrombus formation under physiologic
blood flow among type 2A, 2B and healthy controls [47]. Their

study confirms impaired thrombus formation in type 2B VWD. In
addition, microfluidic devices have also been used to study
thrombus formation in a range of VWD Type 2A mutants and
also using Type 3 VWD blood [48,49]. While fibrillar collagen is
typically the substrate for the evaluation of thrombus formation,
recently de Witt et al. [44] extended this approach by creating 52
different substrates composed of various collagen and collagen
mimetic peptides, decorin, fibrinogen, fibronectin, laminin,
thrombospondin-1, vitronectin and VWF. In addition to evaluating the relative roles of adhesion and signaling molecules (glycoprotein VI, C-type lectin-like receptor-2 (CLEC-2), GPIbα, α6β1,
αIIbβ3 and α2β1), the authors also developed a 9-microspot test set
to evaluate blood from individuals with severe clotting deficiency
compared with normal blood [44]. Most recently, microfluidic
devices with shear gradients have been integrated into extracorporeal circuits in pig models to enable real-time surveillance of
coagulopathy in stenotic vessels [50] (Figure 2C). Together, this
body of literature supports the possibility that flow devices may
be a useful tool to complement classical biochemical assays for
the evaluation of individuals with suspected bleeding disorders or
pro-thrombotic tendency.
In order to make microfluidic devices suitable for clinical
diagnostics, however, a number of challenges remain. While the
fabrication costs for the flow device itself is low, instruments (like
microscopes) needed for data acquisition and analysis are expensive. As the microfluidics technology is also a relatively new
methodology, its standardization is challenging. In this regard,
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Figure 3. Different geometries in advanced microfluidic devices. (A) Inclusion of resistance channels to simulate different shear stresses on a single
chip (ref [52].). (B) Testing of anti-coagulant (argatroban) in small plugs (ref [53].). (C) Microvascular clots (pink) formed upon perfusing blood into
channels containing TNF-α activated endothelial cells (ref [57].). (D) VWF deposited in 3D endothelialized microfluidic channels. Platelet thrombi
(pink) are seen decorated on VWF strings (green) (ref [56].). Online figure is available in color. All figures are taken from cited references, with
permission.

the output measured depends on the nature of the substrate used
in the assay, flow conditions, chamber geometry and measurement technique [51]. While laboratory scale devices require intensive maintenance efforts to pattern and setup the system, the
fabrication of disposable standardized microfluidic devices is
likely to enhance usage of this method. Additionally, clinical trials
and standardization efforts are needed to ensure reproducibility
and ease of handling. With this goal in mind, a number of
companies focused on the application of microfluidics for hemostasis diagnostics/management have emerged. Their success is now
awaited.

More complex flow patterns in microfluidic devices
Besides straight-channel flow devices with or without constrictions, there is growing interest in creating channels with more
complex geometries since this enables diverse applications not
possible using other means. In this regard, some investigators
have created flow cells with different resistance channels in series
as this enables the simulation of different shear stresses in a single,
compact microfluidic device ([52], Figure 3A). Using this, comprehensive platelet adhesion tests can be carried out under multiple
conditions using small volumes of blood available from transgenic
mice. In another example, the activated partial thromboplastin time
(APTT) test was performed in small plugs containing blood or
platelet poor plasma (PPP) separated from each other by fluorocarbon fluids (Figure 3B [53],). Here, bright field microscopy was
used to measure fibrin clots, and fluorogenic substrate was applied

to monitor thrombin production. Results from microfluidics assays
were compared with clinical tests.
There is also growing interest in developing flow cells
containing microvascular networks as they are sites of vasculogenesis [54], thrombosis [55], and VWF size regulation by
the metalloprotease ADAMTS13 [56]. In one example, to
investigate hematologic diseases involving microvascular
occlusion and thrombosis, Tsai et al. created an “endothelialized” microfluidics based flow network to resemble pathophysiological processes involved in hemolytic uremic
syndrome and sickle cell disease (Figure 3C [57]). Their
results show that shear stress influences microvascular thrombosis and obstruction. Zheng et al. [55] created non-thrombotic 3D endothelialized microfluidic vessel based tissue
scaffolds and characterized their morphology, mass transfer
properties and stability. Using this device, the authors show
that endothelial-secreted VWF can assemble into thick bundles and complex meshes in microvessels (Figure 3D [56],).
These VWF deposits can be cleaved by the ADAMTS13,
support microvascular thrombosis, and even contribute to
erythrocyte fragmentation (schistocytes) [56].
The ability to generate highly mono-dispersed droplets in
microfluidic systems in immiscible carrier phases allows the
separation of single or discrete events [58]. Such systems are
resulting in next-generation techniques for enzymatic assays,
single-cell assays, blood-clotting studies, and diagnostics [59].
Here, droplet-based microfluidics can handle complex biological fluids such as blood, and measure clotting time using
small volumes of blood or plasma in the presence of specific
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anticoagulants. This is important in the clinic, in order to
determine the anticoagulant drug dose required for individual
patients. In one example, Song et al. performed such drug
titrations using a droplet-based microfluidic device and argatroban, a direct thrombin inhibitor. In this study, microfluidics
enabled the titration of different doses of argatroban in a
series of well separated blood drops, with inline measurement
of clot formation and thrombin generation using fluorescent
microscopy [53]. In a second example, Kline et al. applied
droplet-based microfluidics to perform ABO and D blood
typing, using both antibodies and lectins [60]. The scale of
these droplet-based studies is small currently, and considerable refinement is required before such methods find practical
applications in the clinic.
Finally, to overcome the problem of platelet shortage in transfusion medicine, investigators are creating platelet bioreactors
that enable megakaryocyte fragmentation to produce thrombocytes. In one example, 3D bioreactors were shown to be superior
to 2D cultures for the generation of platelets from CD34+ hematopoietic progenitors [61]. In another case, microfluidic reactors
mimicking various features of the bone marrow niche including
extracellular matrix, channel size and fluid shear have been constructed in order to synthesize functional platelets from induced
pluripotent stem cells [62]. Functional platelets have also been
created using a 3D silk based synthetic bone marrow niche [63].
Even though these bioreactor systems can mimic the in vivo
conditions to some extent and improve the production of platelets
in vitro, technical hurdles remain since the economical scale-up of
these miniaturized technologies is challenging.

Conclusions
Microfluidic devices are important analysis tools that can be
used for diverse tests with human blood. These tests may
measure thrombus formation in whole blood, secretion of specific cell products, fibrin deposition, or titration of anticoagulants for precision medicine applications. The exact design
features can be varied depending on the specific application.
Furthermore, these devices can be rapidly cast at low cost
using PDMS, and the technology is primed for rapid prototyping. These devices create controlled hemodynamic conditions
that mimic in vivo flows using simple syringe pumps to create
desired pressure gradients. The ability to micropattern complex
geometries using PDMS enables the ready recreation of physiologically relevant flows. Thus, they are ideally suited for a
range of laboratory scale experiments and next-generation clinical applications.
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