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Abstract We report the development and demonstration of an
assay that distinguishes the pharmacological effects of two
widely used antiplatelet therapies, aspirin (COX-1 inhibitor)
and clopidogrel (P2Y, inhibitor). Whole blood is perfused
through a low-volume microfluidic device in contact with a
well-characterized (ellipsometry, atomic force microscopy)
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acid-soluble type I collagen surface. Whole human blood
treated in vitro with a P2Y, inhibitor 2-methylthioadenosine
5'-monophosphate tricthylammonium salt (2-MeSAMP) ex-
tended the time to the start of platelet recruitment, i.e., platelet
binding to the collagen surface. Treatment with 2-MeSAMP
also slowed the rate of aggregate buildup, with an overall
reduced average platelet aggregate area after 8 min of constant
blood flow. A far smaller effect was observed for in vitro
treatment with aspirin, for which the rate of change of surface
coverage is indistinguishable from controls. In whole blood
obtained from patients under treatment with dual-antiplatelet
therapy (aspirin and clopidogrel), a significant extension of
time to platelet recruitment was observed along with a slowed
rate of aggregate buildup and an average aggregate size ap-
proximately half that of control measurements. Differentiation
of the pharmacological effects of these two well-targeted
antiplatelet pathways suggests a role for this assay in deter-
mining the antiplatelet effects of these and related new thera-
peutics in clinical settings.

Keywords - Antiplatelet therapy - Collagen—platelet
interactions - Microfluidics - Parallel-plate flow chamber -
Thrombosis

Introduction
Platelets are the body’s first line of defense to vascular injury,
preventing blood loss by adhering and aggregating at sites of

exposed vascular matrix proteins [1]. In pathophysiological
states such as ruptured atherosclerotic plaques, platelets are
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recruited to surfaces, leading to arterial thrombosis resulting in
clinical events such as myocardial infarction and stroke [2].
Platelet adhesion is mediated by the interaction of platelet
glycoprotein (GP)Ib-1X-V with subendothelial von
Willebrand factor (vWF) under high-fluid-shear conditions
and by platelet integrin «,{3; and immunoglobulin GPVI
binding to collagen under low-shear conditions [3]. The ad-
herent platelets recruit additional platelets into a growing
thrombus by secreting autocrine factors, adenosine diphos-
phate (ADP), and thromboxane (Tx) A,, all potent platelet
aggregation mediators. The final common pathway allowing
platelet cross-linking and aggregation is expression and con-
formational change in the fibrinogen receptor GPIIb-Illa [4].

Aspirin [5] and clopidogrel [6] are the two most com-
monly used antiplatelet agents. Aspirin irreversibly inhibits
the enzyme cyclooxygenase-1 (COX-1), which is responsi-
ble for platelet TxA, generation from arachidonic acid (AA)
[5]. Clopidogrel, a prodrug, blocks the ADP receptor P2Y,
[6], with its active metabolite inhibiting platelet activation.
Both aspirin [7] and clopidogrel [8] have been shown in
clinical trials to be effective agents in reducing myocardial
infarction mortality; when clopidogrel is added to low-dose
aspirin therapy, a modest infarction mortality risk reduction
is observed [9, 10]. Nevertheless, a significant proportion of
dual-antiplatelet-treated patients continue to experience re-
current ischemic events.

To address the nonuniform efficacy of current antiplatelet
drugs, new therapeutics are being actively explored primarily
because of the redundancy of pathways leading to platelet
aggregation [1]. 2-Methylthioadenosine 5’-monophosphate
triethylammonium salt (2-MeSAMP), a compound that antag-
onizes P2Y |, in vitro, and other similar antagonists are being
investigated as the next-generation P2Y, inhibitors owing to
better pharmacokinetic availability [11, 12]. While the mech-
anism of action of these agents is reasonably well understood,
their precise effect on thrombus formation under arterial shear
hemodynamic conditions is not well known relative to existing
therapies. This knowledge gap provides an opportunity for
integrated systems that measure platelet adhesion and aggre-
gation of whole blood under arterial shear and physiological
hemodynamic conditions to provide valuable information on
drug efficacy and assessment of thrombotic risk [13, 14].

Parallel-plate flow chambers have been in use for over
30 years. They mimic closely physiological conditions [15]
by using arterial flow rates and whole blood to access platelet
thrombus formation processes [16, 17] over shear-dependent
thrombogenic surfaces such as collagen [18]. While these flow
chamber assays have great potential as clinical screening tools,
the preparation and characterization of the thrombogenic sur-
faces have been poorly standardized [19].

The present study focuses firstly on the characterization of
collagen deposition to provide a thrombogenic surface in a
well-described parallel-plate flow chamber [13]. Second, the
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effect platelet inhibitors (the P2Y, inhibitor clopidogrel and
the COX-1 inhibitor aspirin) have on dynamic thrombus for-
mation is described using real-time platelet kinetic accumula-
tion parameters over the well-characterized collagen surfaces
under physiological hemodynamic conditions at arterial shear
rates (1,500 s~ '). This new platelet—collagen interaction assay
monitors the antagonistic effect of antiplatelet drugs via their
inhibition of platelet function that leads to aggregate formation.

Materials and methods
Optimization of collagen coating

Characterization of collagen deposition was performed using
high-resolution atomic force microscopy (AFM) to construct a
topological map of the surface and ellipsometry to determine
coverage thickness uniformity and reproducibility. Briefly,
bovine acid-soluble collagen type I (C8919, Sigma-Aldrich,
St. Louis, MO) protein dissolved in phosphate-buffered saline
(PBS) over a range of concentrations was adsorbed for at least
2 h at 24 °C on a SiO,-coated silicon wafer. Layer thickness
was evaluated with a DeltaPsi2 spectroscopic ellipsometer by
averaging nine measurement points on each sample over an
area of 1 cm”. AFM studies were performed with a commercial
instrument (Dimension 3100 AFM with Nanoscope Illa con-
troller equipped with a phase imaging extender, Digital Instru-
ments). Collagen deposition on glass coverslips was visualized
at varying concentrations in PBS by fluorescent microscopy
using fluorescein isothiocyanate (FITC)-labeled monoclonal
anti-type I collagen antibody (C2456, Sigma-Aldrich).

Microfluidic chamber

Microfluidic parallel-plate flow chambers, described previ-
ously [13], were assembled from 6-mm-thick poly(methyl
methacrylate) top plates with an inlet and outlet; a laser-
patterned, double-sided pressure-sensitive adhesive interme-
diate layer (50 pm thick; Ar-CARE 8890, Adhesives Re-
search) to define the flow path; and a standard glass
microscope coverslip as the bottom plate (Fig. 1b). The as-
sembled device flow path was coated by adsorption from
200 pug/mL bovine acid-soluble collagen type I (C8919,
Sigma-Aldrich) protein diluted in PBS overnight at 4 °C. This
was followed by blocking with 1 % bovine serum albumin
(BSA; Sigma-Aldrich) for 1 h at room temperature and rinsing
by gentle perfusion with PBS buffer prior to the flow assay.

Blood flow in microfluidic device and image acquisition
Blood was perfused through the flow chamber using a

Harvard syringe pump (model PhD 2000, Harvard Appara-
tus, UK) at 75 uL/min, giving a fluid shear rate of 1,500 s
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Fig. 1 Device schematic. a Schematic of assay system with mounted
microfluidic parallel-plate flow chamber illustrating blood perfusion
with a syringe pump, Zeiss epifluorescence inverted microscope
enclosed in a 37 °C chamber fitted with a liquid-cooled Quantix-57
CCD camera connected to PC with MetaMorph software for image
capture. b Microfluidic parallel-plate flow chamber with a 6-mm-thick
poly(methyl methacrylate) top plate containing an inlet (/) and outlet
(0); a laser-patterned, double-sided pressure-sensitive adhesive

(60 dyn/cm?), corresponding to physiologically relevant
arterial shear rates, for 8 min. Whole blood samples were
labeled with 1 uM DiOCg¢ (Invitrogen, Carlsbad, CA) fluo-
rescent dye, which localizes to the endoplasmic reticulum
and mitochondria of platelets. Flow chambers were mounted
on an epifluorescence inverted microscope (Zeiss Axiovert-
200; Fig. la, c). Images were captured at one frame per
second using a liquid-cooled Quantix-57 CCD camera (Pho-
tometrics, Tucson, AZ) with output processed by
MetaMorph software (version 7.5, Molecular Devices Ltd.,
UK). Tllumination was from a mercury lamp and a FITC
filter set (excitation filter S490, emission filter S528; Chro-
ma Technology, Bellows Falls, VT). A x63 objective lens
was used to record platelet interactions with the collagen
matrix protein (Fig. la, d).

Image analysis

Acquired images were analyzed for the surface area covered
by labeled adhered platelets using a previously described
algorithm [13] designed in LabVIEW (National Instru-
ments, Austin, TX), primarily based on the fluorescent
intensity of platelets relative to the background. The algo-
rithm assigns pixels with intensities above a predetermined
threshold a numeric value of 1 and those below it a value of 0.
A percent surface coverage value as a function of time was
calculated over 8 min for each image from the number of pixels

intermediate layer 50 um thickx2 mm wide defines the flow path
(FP); and a standard glass microscope coverslip which is the bottom
plate. ¢ Microfluidic parallel-plate flow chamber mounted in the stage
area of the inverted microscope. d Image storage by MetaMorph
software on a PC computer following capture using the Quantix-57
CCD camera from whole blood perfused through the microfluidic
parallel-plate flow chamber using a Harvard syringe pump

that are occupied normalized to the total number of available
pixels in the image. Rates of aggregate formation at various
surface coverages were calculated as follows:

Rate of aggregate formation = aggregate area (%) <+ time (s).

Mean aggregate-covered areas were also calculated for
the final image following perfusion for 8§ min using ImageJ
software [20].

Inhibitor preparation

2-Methylthioadenosine 5'-monophosphate triethylammonium
salt, an antagonist of the P2Y;, receptor, was purchased from
Sigma-Aldrich (M1434) and dissolved in PBS. Cyclooxygen-
ase inhibitor acetylsalicylic acid (ASA) from Tocris Biosci-
ences (4092, UK) was dissolved in 10 % dimethyl sulfoxide
(DMSO) prior to use and added to 1 pM DiOCg fluorescently
labeled whole blood for a final concentration of 0.01 %
DMSO. Inhibitor incubation times in whole blood were
15 min for 2-MeSAMP (50 pM) and 30 min for ASA
(20 uM) at 37 °C prior to perfusion through the flow chamber.

Blood sample collection and patient population

Blood was obtained from healthy individuals who had not
taken medication within the previous 10 days. Cardiovascular
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patients on dual-antiplatelet therapy (aspirin and clopidogrel)
were recruited from the Clinical Research Centre at Beaumont
Hospital, Dublin, Ireland. Blood was drawn from the
antecubital vein using a 19-gauge needle into a clean poly-
propylene syringe containing the anticoagulant Hirudin (final
concentration, 300 ATU). The first five milliliters of blood
collected was routinely discarded. Blood samples were used
within 1 h of phlebotomy and kept at room temperature with
gentle rocking. All experiments carried out in this study were
approved by the Medical Research Ethics Committees at the
Royal College of Surgeons and Beaumont Hospital and com-
ply fully with the Declaration of Helsinki.

Aggregations

A previously described [21] modification of light transmission
aggregometry uses a 96-well plate and measures light absor-
bance after the addition of soluble agonists to platelet-rich
plasma (PRP). This method enables assessment of the effects
of multiple platelet agonists and multiple concentrations in a
single experiment. Platelet aggregation in response to AA and
ADP was assessed in the patients taking aspirin and
clopidogrel to confirm drug compliance. In brief, 180 puL of
platelet-rich plasma was added to the wells of a 96-well plate
containing the agonist AA at concentrations of 500, 375, 188,
93.8, 46.9, 23.4, 11.8, and 5.86 pg/mL and ADP concentra-
tions of 20, 10, 5, 2.5, 1.25, 0.625, 0.3, and 0.15 uM. Control
wells containing saline buffer and platelet-rich and platelet-
poor plasma were also prepared. Light transmission was mea-
sured on a plate reader (Perkin Elmer, Wellesley, MA) using a
572-nm filter following 1 mm orbital shaking for 15 min. The
results were converted to percentage platelet aggregation
based on the platelet-rich and platelet-poor plasma absorbance
values, representing 0 and 100 % aggregation, respectively.
The percentage aggregation for each agonist concentration
was plotted in the form of a dose—response curve.

Statistical analysis

All data are presented as the mean+standard error of the
mean. An unpaired Student’s ¢ test was used to detect
statistically significant differences between the groups using
Prism 4.0 software (GraphPad InStat 3). Values of P<0.05
were considered significant.

Results

Characterization of acid-soluble collagen type I protein
deposition

Collagen is a highly conserved protein across species with
bovine collagen type I having an expect value (E) of
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0 (indicating a highly significant match not occurring by
chance) when aligned with the human protein Refseq se-
quence database using NCBI BLAST p. Various bovine
acid-soluble collagen type I protein concentrations were
used to form uniform, homogenous collagen protein sur-
faces within the parallel-plate flow chamber. The resulting
surfaces were characterized for uniformity and reproducibil-
ity. Firstly, the deposition of acid-soluble collagen type I on
oxide-coated Si wafer pieces was carried out as described in
“Materials and methods.” SiO,-coated silicon substrates, the
surfaces of which have very similar chemical composition to
glass, were chosen for ellipsometry and AFM measurements
because of their superior flatness and smoothness relative to
ordinary glass slides or plates and because the well-defined
oxide layer thickness in combination with the large refrac-
tive index discontinuity at the oxide/silicon interface yields
more precise ellipsometry measurements for protein layers
than ellipsometry on glass [22]. Ellipsometry was used to
characterize the homogeneity of the collagen protein layer
thickness at multiple points on a given sample.

Figure 2a shows the results of ellipsometric measure-
ments of collagen layer thickness vs. the concentration of
the collagen adsorption solution, all samples having the
same incubation time of 2 h. The results show that
increasing the protein concentration from 10 to
200 pg/mL results in a progressively thicker protein film.
To confirm homogeneity of the collagen layer, surface
ellipsometry measurements were carried out over nine
points on a large area (I cm?) for each collagen concen-
tration prepared. Surface collagen coverage reaches a
plateau with a concentration of 200 pg/mL and a thick-
ness of 27 A (2.7 nm), indicating the formation of a
protein monolayer, considering an individual triple helix
in collagen type I as approximately 2 nm in diameter
[23]. The nine measurements show a maximum variation
of 10 % thickness for adsorption from a collagen solu-
tion of 200 pg/mL, confirming the homogeneity of the
coating across a relatively large sample area (five times
the area defined by the flow path in our parallel-plate
flow device). For collagen concentrations above
200 pg/mL, the protein thickness begins to decrease,
attributed to pH changes (see “Discussion”).

Next, collagen deposits were studied using AFM to con-
struct a topological map of the collagen protein surface,
characterizing surface morphology at the nanometer scale;
collagen was adsorbed for 2 h onto oxidized Si wafers over
the 1-to 1,000-pg/mL concentration range. Figure 2b shows
a 625-um? AFM image prepared with the adsorbed
200 pg/mL collagen: the surface is uniformly coated com-
pared to the control (uncoated) sample.

Finally, collagen layers were deposited onto glass sur-
faces using collagen concentrations ranging from 1 to
1,000 pg/mL to permit testing of the protein’s biochemical
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Fig. 2 Reproducible collagen
thrombogenic surface. a
Ellipsometry of acid-soluble
collagen (4SC) type I protein
adsorbed on SiO,-covered Si
wafers as a function of collagen
concentration; adsorption time
is 2 h at room temperature.
Error bars represent the
standard deviation of nine
points measured for each
sample. b Atomic force
microscopy images over an area
of 25x25 pum? for 0 and

200 pg/mL ASC type I on SiO,
wafers, 2-h adsorption at room
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functionality by detection with fluorescently labeled anti-
collagen type I antibody. The antibody reacts with the native
(helical) forms of collagen type I, but is not reactive to
thermally denatured collagen [24]. Collagen consists of
peptide chains which assemble into triple helices [23] with
natural fibrillar collagens, types I and II, supporting greater
thrombus formation [25]. The images in Fig. 2¢ show uni-
form fluorescent emission in a sample prepared with
200 pg/mL collagen type I, indicating uniform protein
adsorbed on the surface in its native helical conformation.
These fluorescent microscopy results are consistent with
those obtained by ellipsometry and AFM, which indicated
that 200 png/mL of collagen provides a uniform distribution
of protein. Overall, from multiple characterization methods,
the adsorption of collagen onto glass (or similar surfaces) at
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200 pg/mL for a duration of at least 2 h at room temperature
yields a uniform monolayer of native helical collagen pro-
tein; such layers were therefore selected for use in all
parallel-plate flow chamber experiments described below.
Our results are in agreement with those of Hansen et al. [26]
who demonstrated the utility and potential advantages of
using acid-soluble collagen in platelet adhesion flow assays
compared to insoluble collagen preparations. In Hansen’s
study, the formation of reconstituted protein fibers with
acid-soluble collagen at the solid/liquid interface during thin
film collagen deposition onto glass showed greater homo-
geneity in the resulting fiber size and surface coverage as
well as greater functionality in vVWF adsorption and platelet
adhesion compared with other traditional insoluble collagen
substrates.

@ Springer



4828

M.B. Lucitt et al.

Quantitative measure of platelet aggregate formation
from whole blood using a collagen-coated microfluidic
parallel-plate flow chamber

In order to evaluate the pharmacological effect of antiplatelet
agents, we used a microfluidic flow chamber system to quan-
titatively analyze platelet aggregate formation at physiological
arterial shear rates. Hirudin-anticoagulated whole blood was
perfused over the well-characterized collagen-coated
microfluidic chamber surfaces at 75 pL/min corresponding
to a shear rate of 1,500 s~', with platelet aggregate formation
observed continuously using video microscopy. Images ac-
quired using whole blood from healthy unmedicated donors to
monitor platelet recruitment, platelet coverage, and average
aggregate area are represented in Fig. 3a. For each flow run,
images were acquired at one frame per second over 8 min (480
images). Images were post-processed using LabVIEW soft-
ware to mask regions covered by thrombus by applying a
threshold function (see “Image analysis” above and image
masking example in Fig. 3b). A percent surface coverage
value was calculated for each image from the number of pixels
occupied by platelets normalized to the total number of avail-
able pixels in the image; the resulting coverages are plotted
against time for one such measurement (Fig. 3¢). The time of
initial platelet recruitment is defined as when surface coverage
reaches 2.5 %; beyond this, a rapid increase in platelet surface
coverage is observed (Fig. 2¢). For normal anticoagulated but
otherwise untreated whole blood, the time to reach 2.5 %
platelet surface coverage, corresponding to the beginning of
stable adhesion, was 33 s (Table 1) after initiation of flow. This
time delay is believed to correspond to the time to adsorb
sufficient vVWF (present in the blood) to allow initial recruit-
ment of platelets for adhesion [3].

The times to reach 2.5, 5, 10, and 15 % platelet coverage
(Table 1) are indicative of the rate of early events leading to
thrombus or aggregate formation. The rate of aggregate
formation as indicated by the change in platelet coverage
of the surface in normal whole blood at 2.5, 5, 10, and 15 %
surface coverage was calculated to be nearly independent of
time at ~0.1 % per second (Table 1). This rate measures the
ability of adherent platelets to recruit additional platelets
into a growing thrombus by secreting autocrine factors such
as ADP and TxA,. The average aggregate area (26+2 pm?

Fig. 3 Parameter measurements of platelet surface aggregate forma- p>

tion in real time over a collagen thrombogenic surface. a Representa-
tive images of 1-uM DiOCq4 fluorescently labeled platelets
accumulating on 200 pg/mL acid-soluble collagen type I following
perfusion at a shear rate of 1,500 s~' for the indicated times. b
Representative image showing the result of using a masking algorithm
in LabVIEW to define the regions covered and not covered by DiOCg
fluorescently-labeled platelets. ¢ Semi-logarithmic graph of percentage
surface coverage vs. time used to calculate time to initial platelet
recruitment at 2.5 % coverage and rate of aggregate formation for
percentage coverage values of 5, 10, and 15 % (n=12)
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Table 1 Thrombotic coverage and rate parameters from untreated
(control) and in vitro-treated (aspirin or 2-MeSAMP) whole blood as
a function of platelet surface coverage percentage

Percentage  Control: time (s) ASA: time (s) 2-Me-SAMP: time
coverage (rate, %/s) (rate, %/s) (s) (rate, %/s)

2.5 33 (0.07) 32 (0.07) 56 (0.04)

5 48 (0.10) 48 (0.10) 104 (0.04)

10 75 (0.13) 90 (0.11) 193 (0.05)

15 119 (0.12) 120 (0.12) 376 (0.04)

for normal blood; see Figs. 4c, e and 5c) was also calculated
for the last image acquired in a flow run to give an indica-
tion of individual thrombus size and stability, which is a
function of fibrinogen receptor GPIIb-Illa activation and
platelet cross-linking. Taken together, these parameters were
used to characterize aggregate formation effects when
P2Y, and COX-1 pathways are inhibited in platelets.

P2Y, inhibition shows a marked reduction in parameters
of aggregate formation compared to COX-1 inhibition

Using the protocol and derived parameters described above,
we tested the effect of in vitro treatment of whole blood from
healthy donors with aspirin (COX-1 antagonist) and 2-
MeSAMP (P2Y,, antagonist) compared to control
(anticoagulated but otherwise untreated) whole blood
(Fig. 4a). Treatment with 2-MeSAMP (50 uM; Fig. 4d), but
not aspirin (20 uM; Fig. 4b), increased the time to platelet
recruitment (56 s for 2-MeSAMP vs. 33 s for the control and
32 s for ASA; see Table 1) as well as reduced the rate of
aggregate formation at >5 % surface coverage level: 0.04 %
per second for 2-MeSAMP compared to 0.1 % per second for
both control and ASA (see Table 1). This causes a shift to
longer times for the platelet surface coverage plot and a re-
duced slope of coverage vs. time for 2-MeSAMP (Fig. 4d)
compared to the untreated control and ASA-treated whole
blood (Fig. 4b). This indicates that P2Y,, but not COX-1,
inhibition results in delayed platelet recruitment on a collagen
thrombogenic surface for flowing blood at a shear rate of
1,500 s .

At shear rates over 1,500 s !, the adsorbed VWF is
thought to be a dominant driver of platelet recruitment and
aggregate formation on collagen surfaces [27]. The results
here suggest that COX-1 inhibition does not significantly
impair platelet recruitment onto adsorbed vWF (at arterial
shear rates), but P2Y, inhibition does. The average aggre-
gate area following perfusion for 8 min was significantly
decreased using 2-MeSAMP (6.2+1.4 um? for 2-MeSAMP;
Fig. 4e) relative to the control (18+6 um?), which may be
indicative of thrombus size and stability. The average ag-
gregate area was reduced with aspirin treatment, but not as

significantly as 2-MeSAMP treatment (146 um?® for ASA
vs. 27+8 um? for the control; Fig. 4c).

Changes in parameters of aggregate formation in patients
on dual-antiplatelet therapy: in vivo effects of aspirin
and clopidogrel

In order to test whether our assay system distinguishes in
vivo pharmacological effects, we obtained whole blood
from cardiovascular patients (demographics, Table 2) on
combination aspirin and clopidogrel therapy. To confirm
that patients were compliant with their medication regimens,
platelet aggregation was assessed in response to the agonists
AA and ADP using light transmission aggregometry. Ag-
gregation in response to AA (Fig. 5d) at various concentra-
tions was below 10 % for the patient group; in response to
ADP (Fig. 5e) at the indicated concentrations, this did not
exceed 40 % for the patient group. Both results confirm
patient drug compliance.

Blood from these patients was assayed in the dynamic
assay. As demonstrated in the representative flow runs in
Fig. 5a, in vivo-treated whole blood from patients displayed
a pronounced difference for platelet recruitment and rate of
aggregate formation on a collagen surface relative to healthy
donor controls (Fig. 5b, graphical representation). Time to
platelet recruitment was greatly increased in patients on
dual-antiplatelet therapy (165 s) vs. control healthy individ-
uals (30 s; see Table 3). A decreased rate of aggregate
formation was also measured for patients on dual-
antiplatelet therapy: 0.02 % per second at 5, 10, and 15 %
coverage vs. 0.1 % per second at 5, 10, and 15 % coverage
for healthy controls (Table 3). Furthermore, the average
aggregate area following perfusion for 8 min was also
significantly smaller in the patients on dual-antiplatelet ther-
apy (17+3 pum?) vs. controls (26+2 um?; Fig. 5¢). Overall,
there were very clear reductions in the pathological aggre-
gate formation parameters in clinical whole blood samples
from patients taking aspirin and clopidogrel. Compared to in
vitro-treated samples, the differences in the measured pa-
rameters were enhanced, most likely due to synergistic
antiplatelet effects of the two pharmaceutical agents in vivo.

Discussion

Clinical trial data have shown both aspirin [7] and
clopidogrel [8] to be effective agents in reducing mortality
in patients with cardiovascular disease, and when the two
are combined, a greater risk reduction occurs [9, 10]. While
the mechanism of action of these drugs is reasonably well
understood [1], their precise effect on aggregate formation
under arterial shear conditions is not well understood. We
tested the effects of these agents in vitro and in vivo using
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Fig. 4 Time series of platelet
surface aggregation images and
derived parameters on a
collagen thrombogenic surface
with P2Y, or COX-1
inhibition. a Representative
images of 1-uM DiOCg
fluorescently labeled platelets
accumulating on 200 pg/mL
acid-soluble collagen type I
following perfusion at a shear
rate of 1,500 s ! for the
indicated times for untreated,
aspirin-treated (20 uM), and 2-
MeSAMP-treated (50 uM)
whole blood. b Percentage
platelet surface coverage vs. log
time on 200 pg/mL acid-
soluble type I collagen for
controls (black line) and
aspirin-treated (20 uM, gray
line) whole blood (n=5). ¢
Average platelet aggregate area
after 8 min of whole blood
perfusion at 1,500 s~ ' over
200 pg/mL acid-soluble
collagen type I surface for
untreated controls (c#r/) and
aspirin (454, 20 uM, n=5). d
Percentage platelet surface
coverage vs. log time on

200 pg/mL acid-soluble type 1
collagen for controls (black
line) and 50 uM 2-MeSAMP-
treated (gray line) whole blood
(n=10). e Average platelet
aggregate area after 8 min of
whole blood perfusion at

1,500 s~ " over 200 pug/mL acid-

a Control Aspirin 2-MeSAMP

o
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Fig. 5 Time series of platelet
surface aggregation images and
derived parameters on a
collagen thrombogenic surface
for cardiovascular disease
(CVD) patients receiving
aspirin and clopidogrel. a
Representative images of 1-uM
DiOCg fluorescently labeled
platelets accumulating for the
indicated times on 200 pg/mL
acid-soluble collagen type I at a
shear rate of 1,500 s™! for
untreated healthy controls and
CVD patients taking both
aspirin and clopidogrel. b
Percentage platelet surface
coverage vs. time of platelet
accumulation on 200 pg/mL
acid-soluble type I collagen for
untreated healthy controls (n=
12, black line) and CVD
patients (n=9, gray line) taking
aspirin and clopidogrel. ¢
Average platelet aggregate area
after 8 min of whole blood
perfusion at 1,500 s~' over
200 pg/mL acid-soluble
collagen type I surface for
healthy controls (n=12) and
CVD patients (n=9) taking
aspirin and clopidogrel. Various
concentrations of arachidonic
acid (d) and adenosine
diphosphate (ADP)-induced
platelet aggregation (e),
measured using light
transmission aggregometry for
PRP from CVD patients (gray
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Table 2 Patient characteristics (#=9) and medications

Characteristics Value

Age (years=SEM) 58+10
Male/female 6/3
Plt count (x10%/L+SEM) 224437
n for aspirin

n for clopidogrel

n for beta-blocker

n for ACE inhibitor
n for ARB

n for calcium blocker
n for statin

n for PPL

~N 00NN AN O O

plt, platelet, ACE angiotensin-converting enzyme, ARB angiotensin
receptor blocker, PP/ proton pump inhibitor

the microfluidic parallel-plate flow chamber [13, 14] as
described above (Fig. 1) to address this knowledge gap.

Flow chamber methods, including microfluidic
implementations like those reported here, enable investiga-
tions using whole blood to assess platelet physiological
adhesion and activation in a well-defined shear environment
that includes interactions with protein surfaces [16, 17]. It is
important to remember that the mechanism of aggregate
formation can be influenced by blood flow properties [15]
as well as the details of the thrombogenic surface [27]. As
new microfluidic platform technologies emerge, standardi-
zation of vascular matrices that mediate aggregate formation
is crucial to allow a comparison of the physiological adhe-
sive function of platelets across studies [19].

We utilized multiple measurement technologies to develop
and confirm a standardized method for collagen coating condi-
tions suitable for microfluidic parallel-plate flow chamber as-
says. Acid-soluble collagen type I was used here as the
thrombogenic surface to coat the microfluidic chamber surfaces,
and the ellipsometry results (Fig. 2a) show that saturation thick-
ness was optimal with collagen adsorption from a 200-pg/mL
solution in PBS for 2 h; increasing the collagen protein concen-
tration above 200 pg/mL resulted in a reduction in the protein
layer thickness. This could be due to the maximum solubility of

Table 3 Thrombotic coverage and rate parameters for whole blood
from healthy controls and cardiovascular disease patients taking aspirin
and clopidogrel

Percentage coverage Control: time (s)

(rate, %/s)

Patients: time (s)
|(rate, %/s)

25 30 (0.08) 165 (0.01)
5 40 (0.12) 245 (0.02)
10 90 (0.11) 390 (0.02)
15 145 (0.10) 450 (0.03)

@ Springer

collagen in PBS of approximately 200 pg/mL: increasing col-
lagen concentration beyond its solubility may result in collagen
fiber aggregates and precipitate formation in solution, with less
collagen available for surface adsorption.

AFM (Fig. 2b) revealed that good topological uniformity of
collagen surfaces was achieved at concentrations of 200 pg/mL
in PBS for adsorption on glass-like SiO,. It has previously
been reported that collagen in acidic solutions results in vari-
able coating efficacies, with coating amounts consistently low-
er than that of collagen adsorbed from PBS solutions [28]. This
same study reported that neutralizing the acid collagen solution
facilitated the formation of collagen fibrils, which bind well to
vWEF. Others report that the formation of reconstituted protein
fibers with acid-soluble collagen (pH 7.4) at the solid/liquid
interface during thin film collagen deposition onto glass is
greater compared with other traditional insoluble collagen sub-
strates [26]. Our findings support these studies: diluting our
stock acetic acid collagen solution fourfold with PBS, from
I mg/mL to 200 ug/mL, increased collagen coating efficiency:
collagen in acetic acid solution at 1 mg/mL exhibited limited
surface coating. Finally, the collagen layer’s biochemical func-
tionality and uniformity were confirmed by detection using an
FITC-labeled anti-collagen antibody that is reactive only with
the native (helical) forms of collagen.

The major advantages of using collagen as a matrix are
principally its ability to differentiate the antiplatelet effects of
multiple agents without the need for exogenous drug-specific
agonists and its ability to induce aggregate formation at shear
rates equivalent to those reported in arterioles, i.e., 1,500 s ' in
this work. The advantage of using microchip-based flow
chamber systems to analyze platelet thrombus formation over
collagen surfaces has clearly been demonstrated using flow
pressure changes within the device that measure occlusion
[29]. While thrombus formation is a useful assessment of
platelet function, it does not assess the dynamic nature of
platelet function through tracking of early events in platelet
recruitment and adhesion processes as measured by our assay.
Our goal was to produce the dynamics of collagen-induced
platelet aggregate formation in our devices equivalent to those
typical of collagen exposed in damaged vessels or ruptured
atherosclerotic plaques. This approach has advantages over
other in vitro platelet assays in correcting for fluid dynamic
factors, enabling platelet—surface interactions and allowing
timed measurements of aggregate formation events and their
rates. These events can be segregated into (1) initial platelet
capture from whole blood by vWF that depends on vWF-
collagen interactions; (2) platelet-collagen binding and
activation, leading to further platelet recruitment; and (3)
aggregate growth. Integrating results from the individual
steps that lead to aggregate formation and growth into a
single assay that predicts therapeutic benefit is desirable
for patients receiving antiplatelet therapy as well as for the
assessment of novel inhibitors.
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We showed above that in vitro treatment of whole blood
with a P2Y, inhibitor resulted in a slower rate of platelet
recruitment and aggregate buildup on a collagen surface com-
pared to controls (Fig. 4d), with no similar effect for exoge-
nous aspirin-treated blood samples (Fig. 4b). Measuring
surface coverage by fluorescent labeling of platelets in this
assay may underestimate the effect of antiplatelet therapy,
particularly aspirin, as thrombus volume is not fully accounted
for. A recent study by Mendolicchio et al. [30] using a P2Y,
inhibitor resulted in reduced platelet thrombus volume, but
found no correlation with vasodilator-stimulated phosphopro-
tein phosphorylation, a measure of P2Y, inhibition. This
discordance reflects the need for more physiological and
standardized hemodynamic assays to monitor platelet func-
tion. Aspirin in that study had little effect on thrombus vol-
ume, in agreement with our data (Fig. 4b).

In order to account for thrombus volume, the average
aggregate area was also calculated for the last image acquired
in each flow run (after 8 min of perfusion) to give an indica-
tion of individual aggregate size and stability. This revealed a
significant decrease in average aggregate area for P2Y |, inhi-
bition and a lesser decrease with in vitro aspirin (Fig. 4c, e).
The lack of a detectable aspirin-induced effect may be due to
the shear rates used in these experiments: at 1,500 s~', vWF is
thought to be a dominant driver of platelet recruitment and
aggregate formation to collagen. Our results suggest that
aspirin does not prevent vVWF and collagen platelet receptor
effects at this shear rate compared with P2Y, inhibition.
Previous reports have indicated that P2Y;, antagonists reduce
thrombus formation independent of shear [31], while COX-1
inhibition, e.g., aspirin effects, depends on shear rates [32].
Together with our data, this suggests that P2Y, inhibition
more efficiently extends platelet recruitment time and reduces
aggregate growth rates and overall aggregate area at arterial
shear compared to aspirin. The assay of Hosokawa et al. [33]
mentioned above results in diminished pressure changes
(thrombus growth) in patients receiving dual-antiplatelet ther-
apy (aspirin and/or thienopyridine), whereas aspirin
monotherapy patients showed a lesser effect on the pressure
changes when whole blood was perfused over a collagen
surface. The study concludes that aspirin monotherapy pa-
tients have high residual platelet thrombogenicity that is pre-
dominantly dependent on ADP. These results are in agreement
with those presented here.

More interestingly, in vivo effects of these inhibitors were
detected by this assay. Patients taking aspirin and clopidogrel
exhibit delayed rates of platelet recruitment and aggregate
buildup on collagen compared to controls that were qualita-
tively in significant excess of the delay in aggregate formation
measured for either in vitro clopidogrel or aspirin, together
with a reduction in average aggregate area qualitatively similar
to the in vitro effect of ASA (Fig. 5). Importantly, this demon-
strates the utility and robustness of this assay in determining

the antiplatelet effects of these two agents in a clinical setting
and suggests the potential to discern non-response to
clopidogrel even in patients on dual-antiplatelet therapy. Fur-
thermore, combining this assay method with thrombus volume
measurements [30] may prove useful for comparing the effects
of new clinical antiplatelet agents to determine their potential
to reduce thrombotic risk.

In conclusion, the present study characterizes a novel alter-
native assay method to measure the inhibition of human platelet
function following antiplatelet therapy. 2-MeSAMP and aspirin
produce their pharmacological effects through two distinct
mechanisms, both of which produce measureable results in
the recorded assay parameters; this assay detects the antagonis-
tic effect of these drugs as well as their distinctive ability to
inhibit platelet function that leads to aggregate formation.
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