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Monitoring in vitro thrombus formation with novel microfluidic devices

Erik Westein1,2, Susanne de Witt1, Moniek Lamers1, Judith M.E.M. Cosemans1 & Johan W.M. Heemskerk1

1Department of Biochemistry, CARIM, Maastricht University, Maastricht, The Netherlands, and 2Department of Medicine, Nursing and
Health Sciences, Monash University, Melbourne, Australia

Abstract
Cardiovascular disease is a major cause of mortality globally and is subject to ongoing research to improve clinical treatment. It is established
that activation of platelets and coagulation are central to thrombosis, yet at different extents in the arterial and venous system. In vitro perfusion
chamber technology has contributed significant knowledge on the function of platelets in the thrombotic process under shear conditions.
Recent efforts to downscale this technique with a variety of microfluidic devices has opened new possibilities to study this process under
precisely controlled flow conditions. Such microfluidic devices possess the capability to execute platelet function tests more quickly than
current assays, while using small blood samples. Gradually becoming available to the clinic now, they may provide a new means to manage the
treatment of cardiovascular diseases, although accurate validation studies still are missing. This review highlights the progress that has been
made in monitoring aspects of thrombus formation using microfluidic devices.

Keywords: Microfluidics, platelet function tests, real time thrombus formation

First generation fluidic devices to assess platelet
function under flow

Given the established role of platelets in normal hemostasis

and in pathological thrombosis, many assay systems have been

developed to determine mechanisms underlying platelet

(dys)function. The origin of platelet testing can be traced

back to the early 1900s, when Duke established the in vivo

bleeding time as a measure of platelet function [1]. Nowadays,

less invasive platelet function tests are routinely used for the

diagnosis and management of patients with platelet dysfunc-

tions as well as for monitoring the efficacy of antiplatelet

therapies, such as with aspirin and purinergic receptor

antagonists. Of more recent interest is the use of platelet

function testing as a tool to aid the prediction of bleeding

complications during surgery and to guide postsurgical

hemostatic therapies.

A general limitation of the most platelet function assays is

that they do not well correlate with the clinical outcome in

terms of bleeding or thrombosis. As described in recent

overviews, the use of flow chamber technology has

promising potential to overcome this limitation [2, 3].

Conventional platelet function assays mostly exclude coagu-

lation and only few assays introduce shear stress as an

additional parameter (e.g. PFA-100). On the other hand, flow

perfusion chambers allow the incorporation of platelet

function, coagulation, and shear stress at the same time. In

addition, they allow the use of various platelet-adhesive

substrates as a surface, most typically collagen type I/III, von

Willebrand factor (vWF), fibrinogen, tissue factor,

fibronectin, extracellular matrix from endothelium, and

human atherosclerotic plaque [4–6]. Baumgartner pioneered

the first successful in vitro flow device, the annular perfusion

chamber in which denuded and inverted arterial segments

were used as an adhesive surface [7]. Later, Sakariassen et al.

developed a parallel-plate perfusion chamber model in which

a glass coverslip is coated with an adhesive substrate or

endothelial cells and thrombus formation can be evaluated at

shear rates of 50–10 500 s�1 [8]. This model has also been

used in the study of interactions of leukocytes with

endothelium. To date, the majority of perfusion chambers

still use the same parallel-plate principle to study mechan-

isms of platelet adhesion and aggregation over a large range

of shear rates [9]. These systems have uncovered a multitude

of pathways leading to Ca2þ signaling, integrin activation

and secretion which contribute to thrombus formation and are

tightly regulated by the hemodynamic environment [10–12].

Although flow chamber technology with parallel-plate flow

chambers is a proven tool to test platelet function and anti-

thrombotic therapies, it is yet to be introduced into mainstream

clinical diagnostic practice, mainly due to a lack of

standardization in chamber construction and the use of this

method [13]. Further limitations are that these assays mostly

rely on complex microscopic imaging analysis and require

highly trained personnel. In addition, the volume of blood

needed to perform multiple perfusions can be quite

large; typically 5 ml or more, depending on the

dimensions of the perfusion chamber and the required wall

shear rate [14]. Nowadays, these limitations of
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in vitro perfusion chambers are being addressed with the use

of microfluidic technology.

New types of microfluidic devices for blood flow

perfusion

As indicated below, the use of microfluidic technology

provides new in-depth knowledge of specific processes that

regulate platelet activation under flow because of the unique

and flexible design of such devices and their capability to

high-throughput and small-dimension investigations into

thrombus formation.

Manufacturing of polydimethylsiloxane microfluidic

devices

Microfluidic technology comprises the design and manufac-

turing of devices for manipulation of fluids on a micrometer

scale. Typically, this technique uses flow channel dimensions

of 2–100mm with fluid volumes inside these devices being in

the lower microliter range. Although microfluidic devices can

be fabricated with metal, glass or plastics, most devices that

are currently used in cell biological research are made from

the polymer, polydimethylsiloxane (PDMS). This silicone

rubber is easy-to-use, inexpensive, biocompatible, and trans-

parent, which make PDMS chambers a cost effective and

disposable device to investigate thrombus formation with high

optical resolution. As a direct result of this, many different

types of PDMS devices are reported, often with increased

throughput over single channel devices. An overview of

the current use of PMDS and other microfluidics is given

in Table I.

In general, for the construction of PDMS chambers,

a photoresist layer, consisting of the epoxy-based, photo-

cross-linkable polymer SU-8 is deposited on a silicon substrate

and patterned as desired by using conventional lithography

[15]. This process involves the placement of an optically dense

mask with a pattern of channels, followed by exposure to

ultraviolet radiation to harden the SU-8 polymer. After

extensive washing, the silicon master plate with a negative

of the patterned channels serves as a stiff, reusable mold. A

mixture of PDMS oligomers is then poured on this mold,

allowed to solidify by cross-linking and then peeled off from

the mold. Holes are punctured in the PDMS block to reach the

closed channel structure, and tubing is connected to the

channels for fluid inlet. The PDMS cast is usually used in

combination with a glass coverslip, which can be coated with

platelet adhesive ligands as desired. The PDMS cast is bonded

to the glass either by hydrophobic interaction or by plasma

bonding. The result is a flow device with single or multiple

channels, as desired (Table I).

Precisely manipulating the flow conditions

The ability to computationally predict and accurately control

the fluid dynamics in microfluidic devices makes these ideal

tools to mimic and study vascular processes that occur at

predicted hemodynamic shear conditions [9]. It has been

demonstrated that a channel ratio of width to height larger than

10 is desirable for uniform shear stress distribution across the

microchannel, thereby yielding similar degrees of

platelet adhesion to collagen type I compared to conventional

parallel-plate devices [16]. Nevertheless, microfluidic chips are

reported with a much larger range of channel dimension ratios.

A key characteristic for channels with a low width-height ratio

is the appearance of considerable hydrodynamic effects

stemming from the sidewalls, which typically lead to increased

platelet adhesion in areas near the sidewalls [16]. The impact of

sidewall hemodynamics was exploited by Neeves and collea-

gues, who monitored platelet adhesion in various areas of the

flow channel and found a proportional increase in platelet

deposition near the sidewalls relative to the centre of the

channel that was dependent on the applied input shear rate [17].

An innovative microfluidic design was recently reported

that completely eliminated effects of the channel sidewalls

[18]. In this method, the blood sample is hydrodynamically

focused between two layers of buffer, such that it is transported

as a cylindrically sheathed stream, which does not interact

with the channel side walls (Figure 1A). Due to the presence of

laminar flow conditions, dilutional effects are eliminated in

this setup, thereby preventing the blood to mix with the

adjacent buffer streams. The design is such that the sample

volume could be reduced to less than 50 mL. Proof of concept

of this system was demonstrated in that it showed a 50%

inhibitory effect on platelet surface adhesion to vWF with the

integrin �IIb�3 inhibitor, abciximab.

Microfluidics have also been used to study effects of vessel

stenosis on the thrombotic process. Nesbitt and Westein

employed a microfluidics system with protruding sidewall

features to induce platelet aggregation at the apex of the

stenosis [19]. It was demonstrated that platelet aggregation

under conditions of micro-shear gradients could occur

independently of autocrine platelet stimulation by ADP or

thromboxane A2. The same group characterized the exact fluid

dynamics patterns in microfluidic stenosis channels and

showed that the magnitude of micro-shear gradients correlated

with the platelet aggregation response [20].

Microfluidic devices have furthermore been fabricated with

circular cross-sections by introducing a coaxial stream of a gas

and a solution of silicone oligomer in an organic solvent [21].

The oligomer polymerizes outside the gas stream and leaves a

circular cross section after removal of the solvent. This method

is designed to mimic vascular conditions, and uses confluently

grown endothelial cells, thus replicating a round blood vessel

with relevant circular blood flow hemodynamics. Blood

perfusion studies using this device have not been reported

yet, but will be of significant interest.

Up-scaling the throughput of blood samples

Perhaps the most promising aspect of microfluidic technology

to investigate thrombus formation is the ease and flexibility

with which special PDMS microfluidic channel configurations

can be designed. This makes the microfluidics technology

ideally suited to up-scaling of the throughput by incorporating

multiple flow channels into a single perfusion round, while

keeping the required blood volume to a minimum. This aspect

is a clear advantage of microfluidics over standard parallel-

plate flow devices. Hosokawa et al. studied collagen-

dependent thrombus formation in 25 parallel capillary

channels, which were fed from a single blood sample

reservoir (Figure 1B). Using this approach, the efficacy of
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several antiplatelet drugs (aspirin, ADP receptor antagonists,

abciximab) could be evaluated under physiological flow

conditions by monitoring flow pressure and by microscopic

imaging [22]. In this system, dual platelet inhibition with

aspirin and P2Y12 antagonist was more effective in thrombus

inhibition than either drug alone. Although the method

purposely averaged the flow pressure drop over all 25 channels,

it must be noted that fluid flow in individual parallel channels

fed from a common inlet reservoir is affected by the flow in

other channels, when extensive thrombus formation occurs.

This limitation is overcome by restraining the thrombus build-

up. In this manner, Maloney et al. investigated the effects of

P2Y1 and P2Y12 antagonists on collagen-induced platelet

aggregation in a device with eight parallel channels

Figure 1. Microfluidic flow devices with special design. (A) Microfluidic device from polymethyl methacrylate, consisting of a top plate, a
channel of two laser-patterned PSA gaskets for buffer and sample and a coated coverslip. The buffer gasket allows two streams of buffer
flowing parallel with the blood sample, resulting in three parallel streams in the main channel [Adapted from 18]. (B) Microchip device (width
40mm, height 40 mm) containing 25 micro-capillaries, which is placed on a surface with immobilized collagen [Adapted from 22]. (C) Multi-
inlet single outlet flow device with eight parallel perfusion channels in combination with a common collagen coating. [Adapted from 23]. (D)
Microfluidic networks containing 24 mm deep flow channels. Additional resistance channels (in gray) vary in length to create different flow
rates per flow channel. Channels are connected to a common sample inlet at controlled pressure [Adapted from 24]. (E) Device of parallel
microfluidic flow channels (100mm width) connected to a functionalized coverslip, coated with a perpendicular strip of collagen. [Adapted
from 17]. (F) Microfluidic device consisting of a top channel with flowing blood, a track-etched polycarbonate membrane and a bottom
channel that contains agonists, mounted to a vacuum holder. The cross-section area is 100� 100 mm, where the flux of the agonist molecules is
controlled by the membrane [Adapted from 36]. (G) Caliper Technologies FS-417 four-sipper cell chip designed and used to detect agonist-
induced calcium flux. Samples are drawn from the four ‘‘cell wells’’ and streamed through the chip. Agonists mixing is performed by diffusion
while sample is continuously flown through the chip past the fluorescence detection zone. Flow rate is dependent on the combination of
applied vacuum and the viscosity of the sample [Adapted from 37]. (H) Microfluidic system designed to induce platelet aggregation at four
distinct shear rates in whole blood within a high shear stenotic region (single inlet, multi-outlet). An optical system measures light transmission
in the stenotic region [Adapted from 23].
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(Figure 1C) [23]. In a single perfusion with less than 100 ml of

blood, the IC50 values of both types of antagonists were

determined.

Upscaling of sample throughput has also been done with

particular emphasis on the shear dependency of thrombus

formation. PDMS devices were developed, allowing blood

flow at different shear rates with one sample, reducing inter-

assay variability. Figure 1(D) shows an example of a parallel

eight-channel design with different shear rate conditions by

varying the lengths, and hence the fluid resistance, of the

channel outlets. With this device the shear-dependent

contributions of intracellular and extracellular domains of

platelet �IIb�3 were determined [24].

Down-scaling the size of platelet adhesive surfaces

Another aspect of thrombus formation that can be studied

using microfluidics is the effect of changing the adhesive

surface, for instance by discontinuous coating procedures of

small patches of adhesive ligands. The rationale for this is that

endothelial damage in thrombosis is often focused on in

nature, a situation that can be mimicked by discontinuous

ligand coating. A practical benefit of such coating is that

excessive aggregate growth leading to channel occlusion can

be prevented. Various techniques are reported to create local

microspots of platelet-adhesive ligands. Photolithography

technology is used to create arrays of adhesive microspots

surrounded by non-adhesive proteins or a lipid bilayer

[25–27]. The size and shape of the spots is controlled by

photolithography etching after placing a photomask with

desired features and by irradiation with deep ultraviolet light.

This method has been used to create circular microspots of

phospholipids containing tissue factor [28]. It was elegantly

demonstrated that, in addition to the absolute protein density,

the size and the spatial arrangement of the microspots are

critical in the ability of tissue factor to support coagulation

[29, 30]. Using a similar technique, a 200 mm patch of

phospholipids containing tissue factor was immobilized in a

circular glass capillary tube and characterized for coagulation

under flow conditions [31]. Phospholipid containing TF has

recently been used in combination with immobilized collagen

type I to study the stabilizing effects of fibrin formation on

platelet aggregates [32]. By monitoring embolization events in

the microfluidic channels, it was found that fibrin increased

clot strength by 12 - to 28-fold.

PDMS-based devices can also be used for micro-contact

printing, which presents another method to deliver discrete

patches of adhesive ligands to a glass surface [25]. This

method makes use of the high protein adsorption properties of

PDMS. Ligands like collagen are incubated on a PDMS stamp

with desired feature and are then transferred to glass by briefly

stamping the PDMS block onto the glass surface. After blood

perfusion, this results in thrombus formation precisely at the

stamped areas (Figure 2A).

Alternatively, immobilizing discrete ligand patches can be

achieved with microarray printing. Diamond and co-workers

describe that microarray printing of collagen and vWF, using

176 mm wide microspots in which multiple ligand combina-

tions were studied in a single blood perfusion run [33].

This same technology was also employed to print microarray

spots of collagen containing various amount of tissue factor to

determine threshold concentrations of triggers for coagulation

in whole blood [34]. Calculations learned that about 10

molecules tissue factor per mm2 are sufficient to initiate fibrin

formation at 1000 s�1 shear rate. Although microarray printing

has clear advantages, the relatively large diameter of the

microspots commonly used (100–1000 mm) limits its

Figure 2. High-throughput flow microfluidics with discontinuously immobilized ligands. (A) Step 1: Micro-contact printing of collagen type
III onto a glass coverslip, giving spot sizes of 20mm. Step 2: A PDMS flow channel is placed over the microspot pattern and whole blood
perfusion is done at 1600 s�1. The result is platelet adhesion specifically on the collagen-coated microspots. Scalebar, 20mm. (B) Step 1: Four
PDMS-coating channels with dual configuration (175 mm width) are used to immobilize up to four ligands on the glass resulting in 4� 2 coated
strips. Step 2: A second PDMS device with four independent flow channels (I–IV) is placed perpendicular over the coated strips, allowing
thrombus formation in a multi-ligand perfusion. Right panels: Platelet adhesion to collagen type I (top), fibrinogen (middle) and collagen type
III (bottom). Platelets and phosphatidyl serine exposure are visualized with brightfield and fluorescence microscopy, respectively.
Insets: zoomed area. Scale bar, 50 mm.
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application with small microfluidic systems. Hence, micro-

spotting is usually performed in combination with conven-

tional parallel plate flow devices.

Discrete ligand patches can also be immobilized in

microfluidic devices by infusing the ligand solution through

separate microfluidic ‘‘coating’’ channels with defined width

and allow the ligand to adsorb to the glass surface. Following

removal of these channels, a second set of microfluidic

channels is placed perpendicular to the direction of the first

channel (Figure 2B). After blood perfusion, this results in

thrombus formation selectively at the discrete coating strips.

Using a similar setup it was demonstrated that PAR4 agonists

stimulate platelet aggregation at the collagen surface

(Figure 1E) [17]. This approach has also been used by others,

who made immobilized strips of P-selectin, E-selectin, and

vWF, perpendicular or parallel to the direction of blood flow, to

study the rolling velocity of neutrophils and platelets [35].

Novel applications of microfluidic devices for platelet

and vascular research

Novel microfluidic techniques have been used to elucidate

platelet and endothelial cell functions under flow conditions.

Platelet activation under flow

Using sophisticated PDMS microfluidics, the spatio-temporal

role of ADP activation during thrombus formation under flow

was investigated [36]. Via two perpendicular channels,

separated by a porous membrane, ADP was allowed to flux

in a controlled way from the bottom channel into the upper

perfusion channel (Figure 1F). It was demonstrated that the

density of platelets within an aggregate increased with

increasing ADP flux. In other work, a multi-channel system

was used to simultaneously measure multiple concentrations

of inhibitors of ADP-dependent platelet aggregation on a

collagen surface, demonstrating that apyrase lacks inhibitory

function under high shear conditions [23].

Microfluidics can also monitor the activation of single

platelets in suspension, e.g. by detecting Ca2þ responses

following on-chip mixing with agonists. By constructing a

channel with a narrowing in the detection zone, individual

responding platelets could be detected while passing through

the channel (Figure 1G). This method demonstrated increases

in intracellular Ca2þ levels following stimulation by the PAR-1

agonist SFLLRN, or ADP [37]. An innovative microfluidic

method to measure label-free platelet activation is based on

the principle of deterministic lateral displacement to separate

platelets on-chip from other cell types based on their size [38].

This method exploits the fact that small particles have a

stronger lateral displacement than larger particles in a fluid

flow. The degree of displacement was measured separating the

fluid flow into multiple parallel streams and counting platelet

density in each parallel channel. This method proved to be

accurate enough to detect the increased platelet size associated

with thrombin activation.

Endothelial cell functions under flow

The endothelium has well-characterized inhibitory mechan-

isms to prevent platelet activation through the production of

nitric oxide and prostacyclin. On the other hand, vWF and

P-selectin, stored in and secreted from the endothelial Weibel-

Palade bodies, are potent ligands to recruit platelets and

leukocytes. This places endothelial cells in a central position

to regulate platelet function and justifies their use in

microfluidics to more closely mimic the physiological

environment in which platelets can adhere.

Several flow assays focus on shear stress effects in relation

to endothelial cell function, such as tests for cytoskeletal

remodeling and protein secretion mechanisms [39–41]. Chau

and colleagues demonstrated that shear stress triggers secre-

tion of vWF from human umbilical vein endothelial cells

cultured in a multichannel microfluidic device [42]. Similar

systems have been used to study the endothelial migration

response through a chemo-attractant gradient. Microfluidic

devices have the exclusive possibility to create a fluid gradient

due to their laminar flow characteristics, which prevent mixing

of two adjacent fluid streams. This property has been exploited

by some groups to study the migration effects of endothelial

cells through an immobilized chemo-attractant gradient that

was accomplished by introducing parallel streams of different

chemotactic agents [43, 44].

The use of endothelial cells in microfluidic systems in

combination with blood perfusion is only just emerging. A

first paper, focusing on direct interactions of platelets with

endothelial cells, demonstrated a role for ADP in platelet

adhesion to endothelial cells, particularly after inhibition of

endothelial nitric oxide production [45]. However, this study

was performed under static conditions, and the translation to

flow conditions has not been made. The feasibility of

microfluidics with seeded endothelial cells to monitor results

of blood flow was demonstrated by Conant et al. [46], who

showed stable platelet adhesion and thrombus formation after

endothelial stimulation with TNF-�. PDMS microfluidics

using multiple parallel microchannels, lined with endothelial

cells, could also model the pathophysiological processes of

sickle cell disease and hemolytic uremic syndrome under

blood flow conditions [47].

New detection technologies in combination with micro-

fluidic devices
Detection methods in microfluidic devices are typically

dedicated to monitor platelet adhesion and aggregation

events, similarly to techniques used with parallel-plate flow

chambers [14]. The most common applied technique is

brightfield, contrast-enhanced microscopy, visualizing flow-

adhered platelets in real time at high optical resolution.

Microscopy readouts of microfluidic flow assays report on

platelet density, ranging from individual platelet behaviour to

large scale thrombus formation (Table I). Alternative

approaches are the detection of platelets by labeling with

DiOC6 or fluorescently labeled antibodies. Tracking software

has been used to monitor the translocation of platelets on a

vWF surface [48]. However, robust automated image analysis

procedures for real-time quantification of thrombus formation

still need to be developed.

Alternative detection techniques are being explored to

characterize platelet adhesion and aggregation by measuring

light absorbance. Transmitted light can quantify platelet-rich

thrombi due to the displacement of red blood cells leading to
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an increase in transmittance [49]. However, this detection

method cannot inform on platelet activation levels or thrombus

density. Another method to detect platelet deposition with high

sensitivity uses a quartz crystal microbalance [50]. This

method relies on the resonance frequency of a crystal in an

alternating electric field, which is modulated by mass

deposition at the detector surface. This detection modality

could monitor effects of ADP stimulation and integrin �IIb�3

inhibition of platelets on a fibrinogen surface. Also, this

detection does not provide qualitative information on throm-

bus composition. Nevertheless, it is to be expected that

microfluidic platelet function tests will benefit from current

developments in sensitive detection methods.

Microfluidic device development towards preclinical

testing
Microfluidic technology is regularly used in clinical routines,

but this is limited to biochemical measurements of specific

blood components. Platforms such as Spinit, Asklepios,

Kumetrix, Fluidics-on-Flex and Piccolo Xpress have been

developed for point-of-care diagnostics detecting a large range

of proteins, lipids and electrolytes in the nano- to micromolar

range. However, the use of microfluidic devices for monitor-

ing platelet aggregation and thrombus formation is still

limited to the academic setting, in the majority of cases for

proof-of-principle experiments. An attempt to use PDMS

microfluidics devices for whole-blood testing of thrombus

formation in a point-of-care setting has been presented by Li

et al. [49]. These authors used a chip with 4 parallel

microchannels with stenotic region (shear rates

500–13 000 s�1) to measure label-free thrombus formation

by light absorption (Figure 1H). This method consumes blood

without labeling, is fast and is relatively easy to perform.

However, the assay is not yet validated for clinical

applications, and its sensitivity to detect platelet hypo- or

hyper-function is unknown. Limitations of this flow test are

the relatively large blood sample volumes (2–8 ml), the

inability to check for platelet activation markers and the

use of only one adhesive substrate. The challenge will be

to correctly integrate aspects from this and other

microfluidics protocols to a test that is robust and

sensitive enough to detect aberrant platelet function in a

clinical setting.

An important reason for further development of micro-

fluidic devices for pre-clinical research and patient diagnosis

is that they can provide another approach in comparison to the

current assays that target platelet activation in a point-of-care

setting (Multiplate aggregometry, VerifyNow, Impact,

PlateletWorks, PFA-100, Cone-and-Plate Analyzer). As

reviewed elsewhere, the diagnostic and prognostic value of

these assays is only moderate (Review Harisson; this issue of

Platelets). This is in part due to the multiplicity of platelet

activation and regulatory pathways, which are difficult to

capture in a single function test. For example, light

transmittance aggregometry, VerifyNow, PlateletWorks, and

PFA provided only limited prognostic information to identify

patients at higher risk of bleeding following stent implantation

[51]. The clear advantage of PDMS microfluidic devices is

that, using a small amount of blood, they can provide a means

for high-throughput analysis of platelet function in the natural

environment of flowing blood, at a range of shear rates and a

variety of platelet-adhesive substrates. Especially in combina-

tion with multiple ligand micro-spotting, microfluidics

have the potential to be developed as a clinical

diagnostic tool for platelet function that may compete with

other point-of-care tests.

Conclusions

Platelet activation in the in vivo environment is regulated by

differentially exposed extracellular matrix components, com-

plex rheological flow conditions and release or generation of

soluble platelet agonists. Microfluidics have made it possible to

investigate thrombus formation in a multi-variable manner with

accurate control of wall shear rate conditions with small blood

samples, while using multichannel perfusion and microspot

ligand coating. Another important possibility is the use of

multiple ligands in a single perfusion, allowing increased

throughput and determination of ligand interactions. In com-

parison to the current point-of-care function tests, microfluidic

assays may take the complex hemodynamic and biochemical

environments present in vivo better into account. Integration of

all these parameters into a user-friendly device will aid in the

management of cardiovascular diseases by improving current

platelet function tests.

Declaration of interest: EW holds an Australian NHMRC

Overseas Training Fellowship, I.D. 606742. This work was

supported by the Centre for Translational Molecular Medicine

(CTMM) INCOAG and the Netherlands Heart Foundation

(2011T006).

References
1. Duke WW. The relation of blood platelets to hemorrhagic

disease. Description of a method for determining the bleeding
time and the coagulation time and report of three cases of
hemorrhagic disease relieved by blood transfusion. JAMA
1910;55:1185–1192.

2. Zwaginga JJ, Nash G, King MR, Heemskerk JW, Frojmovic M,
Hoylaerts MF, Sakariassen KS. Flow-based assays for global
assessment of hemostasis. Part 1: Biorheologic considerations.
J Thromb Haemost 2006;4:2486–2487.

3. Zwaginga JJ, Sakariassen KS, Nash G, King MR, Heemskerk JW,
Frojmovic M, Hoylaerts MF. Flow-based assays for global
assessment of hemostasis. Part 2: Current methods and considera-
tions for the future. J Thromb Haemost 2006;4:2716–2717.

4. Ruggeri ZM. Platelets in atherothrombosis. Nat Med
2002;8:1227–1234.

5. Heemskerk JW, Sakariassen KS, Zwaginga JJ, Brass LF,
Jackson SP, Farndale RW. Collagen surfaces to measure thrombus
formation under flow: Possibilities for standardization. J Thromb
Haemost 2011;9:856–858.

6. Cosemans JM, Kuijpers MJ, Lecut C, Loubele ST, Heeneman S,
Jandrot-Perrus M, Heemskerk JW. Contribution of platelet
glycoprotein VI to the thrombogenic effect of collagens
in fibrous atherosclerotic lesions. Atherosclerosis 2005;181:
19–27.

7. Sakariassen KS, Hanson SR, Cadroy Y. Methods and models to
evaluate shear-dependent and surface reactivity-dependent antith-
rombotic efficacy. Thromb Res 2001;104:149–174.

8. Sakariassen KS, Muggli R, Baumgartner HR. Measurements of
platelet interaction with components of the vessel wall in flowing
blood. Method Enzymol 1989;169:37–70.

Thrombus formation in microfluidic devices 507



9. Jackson SP, Nesbitt WS, Westein E. Dynamics of
platelet thrombus formation. J Thromb Haemost
2009;7(Suppl 1):17–20.

10. Munnix IC, Kuijpers MJ, Auger J, Thomassen CM, Panizzi P, van
Zandvoort MA, Rosing J, Bock PE, Watson SP, Heemskerk JW.
Segregation of platelet aggregatory and procoagulant microdo-
mains in thrombus formation: Regulation by transient integrin
activation. Arterioscler Thromb Vasc Biol 2007;27:2484–2490.

11. Cosemans JM, Iserbyt BF, Deckmyn H, Heemskerk JW. Multiple
ways to switch platelet integrins on and off. J Thromb Haemost
2008;6:1253–61.

12. Jackson SP. The growing complexity of platelet aggregation.
Blood 2007;109:5087–5095.

13. Roest M, Reininger A, Zwaginga JJ, King MR, Heemskerk JWM.
The biorheology subcommittee of the SSCotI. Flow chamber-
based assays to measure thrombus formation in vitro:
Requirements for standardization. J. Thromb. Haemost.
2011;9:2322–2324.

14. Van Kruchten R, Cosemans JM, Heemskerk JW. Measurement of
whole blood thrombus formation using parallel-plate flow
chambers - A practical guide. Platelets 2012;23:229–242.

15. Duffy DC, McDonald JC, Schueller OJ, Whitesides GM. Rapid
prototyping of microfluidic systems in poly(dimethylsiloxane).
Anal Chem 1998;70:4974–4984.

16. Sarvepalli DP, Schmidtke DW, Nollert MU. Design considera-
tions for a microfluidic device to quantify the platelet adhesion to
collagen at physiological shear rates. Ann Biomed Eng
2009;37:1331–1341.

17. Neeves KB, Maloney SF, Fong KP, Schmaier AA, Kahn ML,
Brass LF, Diamond SL. Microfluidic focal thrombosis model for
measuring murine platelet deposition and stability: PAR4
signaling enhances shear-resistance of platelet aggregates. J
Thromb Haemost 2008;6:2193–01.

18. Kent NJ, O’Brien S, Basabe-Desmonts L, Meade GR,
MacCraith BD, Corcoran BG, Kenny D, Ricco AJ. Shear-
mediated platelet adhesion analysis in less than 100 mul of blood:
Toward a POC platelet diagnostic. IEEE Trans Biomed Eng
2011;58:826–830.

19. Nesbitt WS, Westein E, Tovar-Lopez FJ, Tolouei E, Mitchell A,
Fu J, Carberry J, Fouras A, Jackson SP. A shear gradient-
dependent platelet aggregation mechanism drives thrombus
formation. Nat Med 2009;15:665–673.

20. Tovar-Lopez FJ, Rosengarten G, Westein E, Khoshmanesh K,
Jackson SP, Mitchell A, Nesbitt WS. A microfluidics device to
monitor platelet aggregation dynamics in response to strain rate
micro-gradients in flowing blood. Lab Chip 2010;10:291–02.

21. Fiddes LK, Raz N, Srigunapalan S, Tumarkan E, Simmons CA,
Wheeler AR, Kumacheva E. A circular cross-section PDMS
microfluidics system for replication of cardiovascular flow
conditions. Biomaterials 2010;31:3459–3464.

22. Hosokawa K, Ohnishi T, Fukasawa M, Kondo T, Sameshima H,
Koide T, Tanaka KA, Maruyama I. A microchip flow-chamber
system for quantitative assessment the platelet thrombus forma-
tion process. Microvasc Res 2011;83:154–61.

23. Maloney SF, Brass LF, Diamond SL. P2Y12 or P2Y1 inhibitors
reduce platelet deposition in a microfluidic model of thrombosis
while apyrase lacks efficacy under flow conditions. Integr Biol
(Camb) 2010;2:183–192.

24. Gutierrez E, Petrich BG, Shattil SJ, Ginsberg MH, Groisman A,
Kasirer-Friede A. Microfluidic devices for studies of shear-
dependent platelet adhesion. Lab Chip 2008;8:1486–1495.

25. Thery M, Piel M. Adhesive micropatterns for cells: A
microcontact printing protocol. Cold Spring Harb Protoc
2009;7:prot5255.

26. Azioune A, Carpi N, Tseng Q, Thery M, Piel M. Protein
micropatterns: A direct printing protocol using deep UVs.
Methods Cell Biol 2010;97:133–146.

27. Azioune A, Storch M, Bornens M, Thery M, Piel M. Simple and
rapid process for single cell micro-patterning. Lab Chip
2009;9:1640–1642.

28. Kastrup CJ, Runyon MK, Shen F, Ismagilov RF. Modular
chemical mechanism predicts spatiotemporal dynamics of initia-
tion in the complex network of hemostasis. Proc Natl Acad Sci
USA 2006;103:15747–15752.

29. Kastrup CJ, Shen F, Runyon MK, Ismagilov RF. Characterization
of the threshold response of initiation of blood clotting to
stimulus patch size. Biophys J 2007;93:2969–2977.

30. Shen F, Kastrup CJ, Ismagilov RF. Using microfluidics to
understand the effect of spatial distribution of tissue factor on
blood coagulation. Thromb Res 2008;122(Suppl 1):S27–S30.

31. Shen F, Kastrup CJ, Liu Y, Ismagilov RF. Threshold response of
initiation of blood coagulation by tissue factor in patterned
microfluidic capillaries is controlled by shear rate. Arterioscler
Thromb Vasc Biol 2008;28:2035–2041.

32. Colace T, Muthard R, Diamond SL. Thrombus growth and
embolism on tissue factor-bearing collagen surfaces under flow:
Role of thrombin with and without fibrin. Arterioscler Thromb
Vasc Biol 2012;32:1466–76.

33. Okorie UM, Diamond SL. Matrix protein microarrays for
spatially and compositionally controlled microspot thrombosis
under laminar flow. Biophys J 2006;91:3474–3481.

34. Okorie UM, Denney WS, Chatterjee MS, Neeves KB,
Diamond SL. Determination of surface tissue factor thresholds
that trigger coagulation at venous and arterial shear rates:
Amplification of 100 fM circulating tissue factor requires flow.
Blood 2008;111:3507–3513.

35. Nalayanda DD, Kalukanimuttam M, Schmidtke DW.
Micropatterned surfaces for controlling cell adhesion and rolling
under flow. Biomed Microdevices 2007;9:207–214.

36. Neeves KB, Diamond SL. A membrane-based microfluidic
device for controlling the flux of platelet agonists into flowing
blood. Lab Chip 2008;8:701–709.

37. Tran L, Farinas J, Ruslim-Litrus L, Conley PB, Muir C,
Munnelly K, Sedlock DM, Cherbavaz DB. Agonist-induced
calcium response in single human platelets assayed in a
microfluidic device. Anal Biochem 2005;341:361–368.

38. Inglis DW, Morton KJ, Davis JA, Zieziulewicz TJ, Lawrence DA,
Austin RH, Sturm JC. Microfluidic device for label-free
measurement of platelet activation. Lab Chip 2008;8:925–931.

39. Schaff UY, Xing MM, Lin KK, Pan N, Jeon NL, Simon SI.
Vascular mimetics based on microfluidics for imaging the
leukocyte – Endothelial inflammatory response. Lab Chip
2007;7:448–456.

40. Song JW, Gu W, Futai N, Warner KA, Nor JE, Takayama S.
Computer-controlled microcirculatory support system for
endothelial cell culture and shearing. Anal Chem
2005;77:3993–3999.

41. Shao J, Wu L, Wu J, Zheng Y, Zhao H, Jin Q, Zhao J. Integrated
microfluidic chip for endothelial cells culture and analysis
exposed to a pulsatile and oscillatory shear stress. Lab Chip
2009;9:3118–3125.

42. Chau L, Doran M, Cooper-White J. A novel multishear
microdevice for studying cell mechanics. Lab Chip
2009;9:1897–1902.

43. Barkefors I, Le Jan S, Jakobsson L, Hejll E, Carlson G,
Johansson H, Jarvius J, Park JW, Li Jeon N, Kreuger J.
Endothelial cell migration in stable gradients of vascular
endothelial growth factor A and fibroblast growth factor 2:
Effects on chemotaxis and chemokinesis. J Biol Chem
2008;283:13905–13912.

44. Shamloo A, Ma N, Poo MM, Sohn LL, Heilshorn SC. Endothelial
cell polarization and chemotaxis in a microfluidic device. Lab
Chip 2008;8:1292–1299.

45. Ku CJ, D’Amico Oblak T, Spence DM. Interactions between
multiple cell types in parallel microfluidic channels: Monitoring
platelet adhesion to an endothelium in the presence of an anti-
adhesion drug. Anal Chem 2008;80:7543–7548.

46. Conant CG, Schwartz MA, Beecher JE, Rudoff RC, Ionescu-
Zanetti C, Nevill JT. Well plate microfluidic system for

508 E. Westein et al.



investigation of dynamic platelet behavior under variable shear
loads. Biotechnol Bioeng 2011;108:2978–2987.

47. Tsai M, Kita A, Leach J, Rounsevell R, Huang JN, Moake J,
Ware RE, Fletcher DA, Lam WA. In vitro modeling of the
microvascular occlusion and thrombosis that occur in hematolo-
gic diseases using microfluidic technology. J Clin Invest
2012;122:408–418.

48. Lincoln B, Ricco AJ, Kent NJ, Basabe-Desmonts L, Lee LP,
MacCraith BD, Kenny D, Meade G. Integrated system investigat-
ing shear-mediated platelet interactions with von Willebrand
factor using microliters of whole blood. Anal Biochem
2010;405:174–183.

49. Li M, Ku DN, Forest CR. Microfluidic system for simultaneous
optical measurement of platelet aggregation at multiple shear
rates in whole blood. Lab Chip 2012;2:1355–1362.

50. Sinn S, Muller L, Drechsel H, Wandel M, Northoff H, Ziemer G,
Wendel HP, Gehring FK. Platelet aggregation monitoring with a

newly developed quartz crystal microbalance system as an
alternative to optical platelet aggregometry. Analyst
2010;135:2930–2938.

51. Breet NJ, van Werkum JW, Bouman HJ, Kelder JC, Ruven HJ,
Bal ET, Deneer VH, Harmsze AM, van der Heyden JA,
Rensing BJ, et al. Comparison of platelet function tests in
predicting clinical outcome in patients undergoing coronary stent
implantation. JAMA 2010;303:754–762.

52. Conant CG, Nevill JT, Zhou Z, Dong JF, Schwartz MA,
Ionescu-Zanetti C. Using well-plate microfluidic devices to
conduct shear-based thrombosis assays. J Lab Autom 2011;
16:148–152.

53. Schneider SW, Nuschele S, Wixforth A, Gorzelanny C,
Alexander-Katz A, Netz RR, Schneider MF. Shear-induced
unfolding triggers adhesion of von Willebrand factor fibers.
Proc Natl Acad Sci USA 2007;104:7899–7903.

Thrombus formation in microfluidic devices 509


