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Platelet aggregation is essential for vascular haemostasis and thrombosis. To improve the therapy of
arterial thrombotic disorders and identify novel therapeutic targets it is imperative to study basic
mechanisms of platelet thrombus formation. To date most data on biology, physiology and pharmacology
of platelet aggregation have been obtained by studying this phenomenon under static or quasi-dynamic
conditions at the macroscale level. There is a widespread recognition for the need of new technologies that
will help to further elucidate the role of platelets in physiological and pathological thrombus formation and
to design more effective and specific antithrombotic drugs. Micro- and nanofluidic devices, capable of
reaching nanoscale resolution, can be used for this purpose setting the scene for the development of novel
methods for studying platelet function in physiology, pathology and therapeutics.

Introduction

Platelets are anucleate cell elements derived from megakaryo-
cytes that play a crucial role in haemostasis and thrombosis.
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Human platelets are discoid, 2-4 pum in size and contain
numerous alpha (o) and dense (3) granules, which store factors
and platelet receptor proteins that are crucial for platelet func-
tion. In the absence of any activating stimulus, platelets circulate
in a quiescent state. Endothelial cell-released factors such as
nitric oxide (NO) and prostaglandin I, (PGI,) and CD39, an
adenosine diphosphate (ADP)-ase, present on the surface of
endothelial cells, are inhibitory factors that control platelet
activation. When the vascular wall is damaged, due to the loss of
the endothelial cell barrier or its physiological function,
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circulating platelets are recruited to the site of injury responding
to this event in three consecutive and integrated phases that
involve adhesion, activation and platelet aggregation. Initial
binding and adhesion of platelets to the exposed subendothelium
are mainly mediated by GPIb/IX/V complex and collagen
receptors, GPVI and GPIa/Ila, in the platelet surface, and by von
Willebrand factor (vWF) and fibrillar collagen in the vascular
site. These adhesive interactions basically depend on the rheo-
logical conditions at the site of vascular damage. At low shear
rate, platelet adhesion to the vessel wall primarily involves
binding to fibrillar collagen, fibronectin and laminin. However,
under high shear stress the initial adhesion of platelets to the
subendothelium is mediated primarily through the interaction of
vWF with the GPIb/IX/V complex, which is required to decel-
erate platelets and allow the platelet collagen receptors to bind to
collagen and to firmly adhere to the surface. The binding of vVWF
to the GPIb/IX/X complex also leads to the release of platelet
granules and activation of the GPIIb/IIla receptor that is
required to promote the interactions with adjacent platelets and
fibrinogen. Activated platelets also express on their surface
P-selectin mediating platelet-leukocyte aggregation.™ The
recruitment of additional platelets is mediated by a variety
of locally accumulating mediators such as Thromboxane
A; (TXA,),> ADP® and matrix metalloproteinase-2 (MMP-2)”
that are secreted or released from activated platelets and
thrombin, which is produced on the surface of activated platelets.
These may result in haemostatic plug to repair the vascular
damage that occurs with daily life, or lead to occlusive thrombus
formation (Fig. 1).

Conventional methods for the measurement of platelet
function

Platelet aggregation is one of the most important biological
processes responsible for the maintenance of vascular haemo-
stasis. However, the distance between physiological haemostasis
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Fig. 1 A simplified overview of platelet plug formation. Platelets are
maintained in the resting state by the combined action of inhibitory
factors including prostaglandin I, (PGI,), nitric oxide (NO) and CD39.
The development of the platelet plug is initiated by the adhesion of
collagen and von Willebrand factor (vWF) to platelet glycoprotein (GP)
receptors. At the same time platelet receptor P-selectin translocates to the
membrane surface and GPIIb/II1a becomes activated. The platelet plug is
extended as additional platelets are activated via the release or secretion
of platelet agonists such as Thromboxane A, (TXA;), adenosine
diphosphate (ADP) and matrix metalloproteinase-2 (MMP-2). Finally,
close contacts between platelets in the growing haemostatic plug, along
with a fibrin network, help to maintain and stabilize the platelet aggre-
gate. Platelets are represented as yellow structures.

and pathological thrombosis is very short and enhanced and
inappropriate aggregation contributes to the pathophysiology of
prevalent civilisation disorders such as ischemic heart disease and
stroke. It is widely recognized that platelets are at least partially
responsible for the pathological development of athero-
thrombosis, the leading cause of death in the developed world.*°
Therefore, the underlying phenomenon of thrombus formation
and the use of different anti-platelet drugs to prevent the devel-
opment or recurrence of thrombotic diseases of the coronary and
cerebrovascular circulation have been extensively studied during
the last few decades.

There was little research in arterial thrombosis and relatively
little understanding of platelet function before 1961 when
O’Brien reported for the first time the use of a strong hand lens
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with powerful cross-illumination to monitor aggregation in
platelet-rich plasma.'* Later, Born developed a simple method
for studying the response of platelets to platelet agonists.'? The
method recorded changes in light transmission of a stirred
platelet suspension exposed to a platelet agonist when platelet
aggregates were forming. This device (commonly called a light
aggregometer) exerted a profound effect on the study of platelet
reactions, and it rapidly came into routine use worldwide'®
(Fig. 2). Almost two decades later, another device to assess
platelet function was developed. The new instrument, called an
electronic aggregometer, was similar to a light aggregometer,
but, rather than light transmission, it measured the increase in
electrical impedance across two metal wires that results from
platelet aggregation in anticoagulated whole blood.™ Later on,
a rapid platelet function analyzer (RPFA) was developed as
a point-of-care instrument designed to measure the effects of
antiplatelet therapy. It is a fully automated platelet aggregometer
originally developed to monitor GPIIb/IIIa antagonists.’® It
features three different cartridges to measure the level of inhi-
bition of platelet aggregation achieved by aspirin, P2Y |, ADP
receptor antagonists or GPIIb/IIla inhibitors, but not their
combination.'¢

The light aggregometer has been considered as the historical
gold standard of platelet function testing. In fact, it is possible to
obtain a large amount of information about many different
aspects of platelet function adding a set of agonists to stirred
platelets.'” Because platelets are stirred to maintain them in
suspension, platelet—platelet interactions in the aggregometer
take place under the influence of fluid mechanical shear stress.
However, the shear stress varies throughout the stirred platelet
suspension and does not mimic flow and shear rates encountered
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Fig. 2 Platelet function testing: light transmission aggregometry. The
light aggregometer measures changes in light transmission of a stirred
platelet suspension exposed to a platelet agonist. It is calibrated by
a cuvette containing platelet poor plasma which equates to 100% light
transmission. Platelet rich plasma stirred in the absence of platelet
agonist equates to 0% light transmission (baseline, A). Change in platelet
shape due to platelet activation induced by the addition of a platelet
agonist results in a short decrease in the light transmission (B). When
platelet aggregates are forming an increase in the light transmission is
recorded by the device and calculated as percentage of aggregation (C).

in arterial circulation.'® Moreover, platelets are stirred under low
shear conditions and only form aggregates after addition of
agonists, conditions which do not accurately mimic platelet
adhesion, activation and aggregation upon vessel wall damage.'”
In addition, the conventional light transmission methods quan-
tifying platelet aggregation have not been sufficiently sensitive to
detect micro-aggregates.'®

A number of different devices have been also developed in
order to mimic, as close as possible, the processes that take place
during vessel wall damage. A cone and plate analyzer involves
a cone rotating on a plate that generates a controlled shear stress
(from less than 2 dynes cm~2 to greater than 200 dynes cm—2)
allowing the study of the kinetics of aggregate formation. It is
considered one of the instruments of choice (the another one is
the coaxial cylinder Couette) for studying the effects of bulk
shear stress on platelet function." In addition, the imaging of
platelet adhesion and aggregation to the plate coated with
collagen or extracellular matrix (ECM) can be also investigated's
(Fig. 3A). A platelet function analyzer 100 (PFA-100) creates an
artificial vessel consisting of a sample reservoir, a capillary and
a biologically active membrane with a central aperture (collagen-
epinephrine-coated or collagen-ADP-coated). The sample is
aspirated from the reservoir at high shear rates (5000-6000 s—1)
through the capillary and the aperture applying a negative
pressure, mimicking in this way the resistance and the injured
part of a small artery, and the time necessary for a platelet plug to
occlude the aperture is monitored.”® However, it has been
demonstrated that this method has limited sensitivity and spec-
ificity.2*** A coaxial cylinder Couette device was originally
invented for studies of viscosity and biological particle suspen-
sions in controlled flow and later on adapted to measurements of
platelet function. It consists of two coaxial cylindrical chambers
separated by a gap where controlled rotation of the inner
cylinder generates the desired shear rates (100-8000 s~'). Using
this device sampling of micro-volumes of platelets for further
analysis such as flow cytometry is also possible** (Fig. 3A).

In addition, in vitro studies of coagulation-dependent
thrombus formation can be also performed using perfusion
chamber devices. The most widely employed are the annular
perfusion chambers and the parallel-plate perfusion chambers.'®
An annular perfusion chamber, developed by Baumgartner,*
was the first successful and large-scale used in vitro device of
thrombus formation. In this model, a segment of a vessel is
everted and mounted centrally on a bar that is surrounded by an
outer cylinder. By changing the flow rate or the distance between
the subendothelial surface and the inner wall of the cylinder, the
shear rate at the subendothelial surface can be varied from 50 to
3300 s7* (ref. 26) (Fig. 3B). A Parallel plate perfusion chamber
device was developed by Sakariassen.?” Similar to the annular
chamber, it consists of a rectangular flow channel coated with
components capable of inducing thrombus formation. It
provides a controlled and well-defined flow environment.?
Modifying the flow rate, or the height and/or the width of the
chamber, shear rates can range from 50 to 10500 s~'.2¢ A new
generation of perfusion chambers or parallel-plate perfusion
chamber devices with stenosis have been also developed in the
last few decades. However, platelet function measurements using
these flow-mimicking devices or point-of-care instruments have
limited sensitivity and specificity and do not correlate well with
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Fig. 3 Platelet function testing: devices for the study of thrombus formation. A cone and plate analyzer and coaxial cylinder Couette involve a cone/
cylinder that by rotating on a plate/chamber generates controlled shear stresses. Using these devices thrombus formation can be microscopically
visualized and platelet activation studied by flow cytometry (A). Using an annular perfusion chamber (B) a segment of a vessel is mounted on a bar

enclosed by a cylinder where the shear rate can be also modified.

the aggregometer that due to the lack of better methodology still
stands as the “traditional gold standard” for the measurement of
platelet aggregation.

New technologies for the measurement of platelet
function

The devices described in the previous section are used for
detection of platelet activation and monitoring the clinical
effectiveness of flagship antiplatelet drugs such as aspirin or
P2Y;, ADP receptor antagonists.®®3° However, it is really
challenging to monitor the pharmacological effects of these drugs
and to individualize treatments. This is mainly due to the fact
that most of the method assays available to date are not sensitive
enough to detect platelet microaggregation as they assay platelet
activation—aggregation in macroscale. During the last few years
the introduction of nanotechnology has made possible the
development of novel custom-design microfluidic systems for the
study of platelet size and morphology. Inglis et al. have used
a device which constantly fractionates particles according to size
by displacing them perpendicularly to the fluid flow direction in
a micro-fabricated post-array. With this method, whole blood
can be used and platelets detected using the platelet specific
antibody anti-CD41 without the use of an activation specific
label or marker. The authors suggest that the device may be
useful in a wide range of medical procedures and diagnostics
which involve platelets providing rapid diagnostic information
about the haemostatic condition of a blood sample.?' Micro-
fluidic devices have been also used to study the interactions
between platelets and protein surfaces at physiological flow-
shear conditions with minimum amount of blood sample.
Following this concept, Gutierrez et al. have constructed multi-
channel microfluidic devices that allow the study of
platelet adhesion to extracellular matrix proteins at different

physiological ranges of shear stresses with less than 100 pL of
blood. Using those microfluidic platforms, dynamic adhesion of
human and murine platelets to vVWF, fibrinogen and collagen was
studied using high-resolution fluorescence imaging. The role of
the GPIIb/IIIa receptor (with wild-type mice and mice with
impaired GPIIb/ITIa receptors) was also investigated.*? Neeves
et al. have developed an in vitro microfluidic model of focal
vascular injury using immobilized collagen. Using this method
the response of murine platelet deposition to focal zones of
prothrombotic stimuli was monitored by fluorescence micros-
copy. Platelet accumulation was measured, at equivalent to
venous and arterial wall shear rates, using whole blood from
wild-type mice and mice deficient in collagen receptors.
Following the formation of the thrombus its stability was
investigated by stepping-up the shear rate to 8000 s~! in the
presence or absence of murine PAR4 activating peptide.** Sar-
vepalli et al. have designed and built another microfluidic
chamber in which a wall shear rate of 1000 s™' can be reached
with a flow rate of 15 pL min~'. Human platelet adhesion on
albumin—collagen coated surfaces was described and character-
ized, at relevant arterial and venous shear rates, and compared
with a standard parallel plate flow chamber.** Schneider ez al.
using a microfluidic flow chamber incorporated on a chip were
able to mimic a large range of blood flow conditions and directly
visualize the conformational dynamics of vVWF under shear flow,
a protein which is essential for vascular haemostasis. In fact, they
found that the application of extraordinarily high shear flows
(>1000 s7") resulted in a rapid elongation of VWF fibres in
solution.? More recently Kent et al. reported the use of a mini-
ature parallel-plate perfusion chamber to analyze platelet-vWF
interactions under controlled shear-rates with approximately 150
pL of human blood. Using this method, the percentage coverage
of platelets is quantified using a custom software algorithm.*®
One of the first articles demonstrating the enabling application of

This journal is © The Royal Society of Chemistry 2011

Analyst, 2011, 136, 5120-5126 | 5123


http://dx.doi.org/10.1039/c1an15445a

Published on 26 October 2011. Downloaded by Trinity College Dublin on 10/09/2014 11:12:04.

View Article Online

-
- L. % N -
{ \y\’ o vl
g——
Fibrinogen LU VA
coating ol " -
A LT =
Quartz
Sensor B

-
=]
=]

'
“u
o

75

-100

FREQUENCY
.

NOILVYdISSIA

N
wn

-200

16:40 33:20 50:00
Time (h:m:s)

Fig. 4 Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) for the study of platelet aggregation. Perfusion of platelet rich plasma
through the device induces a decrease in f (blue line, left axis) and an increase in D (red line, right axis) measured at real time (A). The deposition of
microaggregates on the sensor surface can be visualized using highly advanced microscopy, such as scanning electron microscopy (B).

a microfluidic device to conduct high-throughput signalling
studies and drug discovery screening against human platelet
targets was published by Tran et al. In that work, the time course
of agonist-dependent calcium flux affected by platelet agonists
on fluor-loaded human platelets was optimized in a macrosample
cuvette format in preparation for detection in a microfluidic
chip-based assay.’” Ku er al. have also reported the use of
a microfluidic device to study platelet adhesion to endothelium.
To demonstrate the ability of platelets to adhere to an immobi-
lized endothelium upon activation, platelets were incubated in
solutions containing different concentrations of ADP and
hydrodynamically pumped through an endothelium-lined
microchannel. In order to demonstrate the utility of the micro-
fluidic device for future studies involving drug discovery, plate-
lets were activated with increasing concentrations of ADP in the
presence and absence of the antiplatelet agent clopidogrel. It was
found that in the presence of clopidogrel the number of platelets
adhering to endothelium decreased significantly.*® Maloney et al.
have reported the use of an eight-channel microfluidic device
where the pharmacological effect of Apyrase and ATP and ADP
receptor antagonists on thrombus formation was evaluated. In
this study accumulation of fluorescent platelets was measured in
the presence of the inhibitors and the ICsy curves calculated
perfusing human whole blood at a uniform shear rate of 200 s™'
across the channels.* Mimicking in vitro the effects of patho-
logical changes in blood vessel geometry Tovar-Lopez et al. have
recently designed a micro-device to monitor dynamic platelet
aggregation in response to strain rate micro-gradients under flow
conditions. The application of controlled strain rate micro-
gradients in this device offers the ability to achieve periods of
high strain rates with minimal sample volume and the ability to
control the spatial location and extent of forming aggregates,
making this device a suitable tool to elucidate the mechanisms

underlying this shear-dependent process.*® We have also
employed microfluidics for studying cancer cell-platelet inter-
actions and showed that platelets have the ability to disrupt
platelet-cancer cell aggregate and this phenomenon may
contribute to blood-borne cancer metastasis.*! George et al. have
also used microfluidics to investigate whether tumour-derived
supernatant from melanoma and colon cancer may induce
adhesion of circulating platelets to endothelial cells. They found
that tumour-derived supernatant rapidly induced platelet-string
formation via secreted vWF under flow conditions.*

Using the novel devices described above the quantification of
platelet adhesion—aggregation is based on aggregate size using
microscopy and/or mathematical models. The main advantage of
those methods is the possibility to study shear-dependent platelet
adhesion—aggregation with small sample volumes opening the
field to the development of lab-on-a-chip research, point-of-care
and high-throughput screening instruments under flow
conditions.*®

Another interesting application for the study of platelet adhe-
sion—aggregation phenomenon involves the use of sensor tech-
nologies adapted for biological-medical sciences. The principle of
analysis of a Quartz Crystal Microbalance (QCM) is based on the
resonance frequency of a quartz crystal sensor induced by
applying an alternating electric field across the crystal. Deposition
on the sensor surface induces a decrease in the frequency of
vibration f that is proportional to the mass.** Following this
approach Sinn et al. have recently reported the use of QCM to
monitor platelet aggregation on fibrinogen-coated and uncoated
gold sensors measuring changes in the f under non-flow condi-
tions. In this study platelet agonists and a GPIIb/IIla receptor
antagonist were also used to modulate platelet aggregation.*®
Although similar devices have been used previously to detect
platelet adhesion,**® this is the first time where the use of this
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technology is compared with the light aggregometer, the well
established “gold standard” for the measurement of platelet
aggregation. However, it is important to highlight that the
deposition of a soft or thick layer on the sensor surface also
induces a high dissipation shift D that reveals the layer’s elasticity
and, in these situations, the mass can be underestimated by
measuring only the f. In fact, it has been demonstrated that the
combined measurement of f and D using a Quartz Crystal
Microbalance with Dissipation monitoring (QCM-D) could be
useful to explore cell-surface interactions for biomaterials.**-!
Based on these observations our group has developed a method
for the quantification and pharmacological characterization of
platelet aggregation under flow conditions using a QCM-D. We
have shown that platelet micro-aggregation can be quantified and
pharmacologically regulated under flow conditions in real time
usinga QCM-D.**% Furthermore, we have demonstrated that on-
sensor platelet adhesion and aggregation can be imaged with
nanoscale resolution using atomic force microscopy. Interest-
ingly, Weber et al. have investigated the binding kinetics of GPIIb/
I11a to polymer-adsorbed fibrinogen using a QCM-D and corre-
lated the results with platelet adhesion to the polymer surfaces by
scanning electron microscopy.** QCM-D has been also used to
quantify platelet morphological changes by electron microscopy
focusing on the platelet primary adhesion process on a mix of
fibronectin and albumin deposited on silica crystals.’® More
recently the same group has studied platelet activation on
different protein layers on polymer-modified surfaces. The
thrombogenic properties of the different surfaces were analyzed
and compared by plotting D, as a function of corresponding f'and
time, against the corresponding frequency shift.>* A QCM-D is
a low shear rate and shear stress flow device that mimics the
thrombotic events taking place in the microvasculature. The
device is extremely sensitive, being capable of detecting platelet
deposition in the presence of very low platelet numbers.’*>** In
fact, due to its sensitivity, it could be a suitable device for studying
platelet function under conditions such as thrombocytopenia or
when the amount of blood available is limited such as in neonates.
In addition, the sensor constitutes an excellent platform for the
imaging of platelet nano-microaggregate formation using highly
advanced microscopy (Fig. 4).

Conclusion

In recent years, the application of microfluids and nanodevices
has made a substantial progress in the field of platelet biology
and pharmacology. These methods can contribute to a better
understanding of platelet adhesion and aggregation under flow
conditions. In this review we highlight that nanoscale resolution
micro- and nanofluidic devices can be used for the measurement
of early stages of platelet activation and platelet micro-
aggregation that cannot be assayed, imaged or pharmacologi-
cally characterised with the conventional methods.
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