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A label-free assay is described tomonitor the interaction of abciximab, a glycoprotein IIb/IIIa receptor antagonist
(ReoPro), with platelets bound to a fibrinogen-functionalised electrode surface. Firstly, fibrinogen is deposited in
a defined pattern onto a gold electrode usingmicrocontact printing, and then platelets fromwhole blood are cap-
tured on the patterned surface. Patterning influences the spreading of platelets, which is strikingly different to
that observed on homogeneously coated surfaces. The drug–platelet interaction has been investigated using
AC impedance on uniform and patterned fibrinogen-modified surfaces. The results demonstrate that patterned
fibrinogen surfaces can provide deep insights into the interaction of abciximab with different platelet sub-popu-
lations. The key advantages of this approach are that it is rapid, label free and does not require pre-processing of
patient blood samples.
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1. Introduction

Platelet adhesion and aggregation are the major steps involved in
thrombus formation, which is mediated by interaction between recep-
tors in the platelets and sub-endothelial proteins [1,2]. Understanding
the role of platelets in cardiovascular thrombosis has led to the develop-
ment of many antiplatelet drugs which have significantly reducedmor-
tality [3]. Antiplatelet drugs are intended to inhibit the receptors on the
platelets' surface which block platelet activation pathways, resulting in
fewer adverse events [4]. However, there are significant differences be-
tween the responses of individual patients to antiplatelet drugs, requir-
ing the development of “personalised” or “precision” medicine
strategies to stratify or monitor patients. If the dose is not precisely
right it could potentially lead to arterial thrombosis or trigger a haemor-
rhage in cardiovascular disease (CVD) patients. Therefore, personalised
monitoring of antiplatelet therapy is vital, allowing optimisation of the
dose to reduce thrombus formation while avoiding the risk of bleeding
[5,6]. Light transmission aggregometry or whole blood aggregometry
can give some insight into drug efficacy, but these techniques do not
provide direct insights into the impact of the drug at the single platelet
level [7,8]. What is needed is a point-of-care device that provides clini-
cians with rapid dose-response information based on testing a patient's
individual platelets. Recent publications have demonstrated that the ad-
hesion properties of platelets are vitally important to understanding
platelet reactivity and the efficacy of antiplatelet drugs [9,10]. It has
orster@dcu.ie (R.J. Forster).
been shown that the adhesion and spreading of platelets at fibrino-
gen-modified surfaces depends on the size and shape of the fibrinogen
islands on the substrate [11]. Interestingly, platelets spread to a greater
extent and show greater interconnection when fibrinogen is
homogenously coated on the substrate. Under these circumstances the
platelets become fully activated, driving the recruitment of more plate-
lets to the surface in a way that is reminiscent of thrombus formation.
However, patterning the fibrinogen, e.g. into microdots or islands, af-
fects the capture efficiency [12,13]. In this contribution, fibrinogen is
patterned on the surface usingmicrocontact printing in order to control
the spreading of platelets after adhesion. The dependence of platelet
displacement (due to binding of the drug to surface receptors) on the
dose of the antiplatelet therapy, abciximab, is then investigated using
electrochemical ac impedance spectroscopy. Abciximab (ReoPro) is an
antiplatelet drug which inhibits the GPIIb/IIIa receptor and is normally
administered intravenously to CVD patients after a percutaneous inter-
vention [14]. GPIIb/IIIa is themost abundant receptor present at the sur-
face of the platelets and plays a critical role in platelet aggregation by
binding to fibrinogen in the blood [15,16]. The label-free assay reported
here shows significant promise for optimising dose levels so as to im-
prove patient outcome.

2. Experimental

2.1. Fibrinogen patterning of gold electrodes

Fibrinogen was patterned onto gold-coated silicon wafer electrodes
in two different ways: (1) microcontact printing and (2) drop coating.
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In the first case, fibrinogen was printed on gold electrodes using
microcontact printing as described previously [12]. In the secondmeth-
od, 50 μL of fibrinogen solution with a concentration of 200 μg/mL was
drop-cast onto different electrodes and incubated for an hour. The re-
maining solution was then removed from the electrodes and the modi-
fied electrodes washed with phosphate-buffered saline (PBS) solution.
To minimise non-specific binding, the fibrinogen-coated electrodes
were then blocked by immersing the electrodes in 1% BSA solution in
PBS for an hour at room temperature.

2.2. Blood collection and sample preparation

In order to assess the effect of an anti-platelet drug, citrated whole
blood was incubated with various concentrations (0, 2, 3, 4, and
5 μg/mL) of abciximab (ReoPro, Eli Lilly and company) for 15min before
the assay. In thewhole blood assay, the electrodeswere exposed to 1mL
of drug-treated citrated whole blood and then put on a rocking table for
30 min at 35 oscillations per minute. After 30 min, the blood was re-
moved from the electrodes,whichwere thenwashedwith PBS. The cap-
tured platelets were fixed with paraformaldehyde (PFA) in PBS and
labelled before imaging as described previously [12]. The surface cover-
age of platelets was calculated using ImageJ software.

3. Results and discussion

The adhesion of platelets to fibrinogen occurs through the receptor
GPIIb/IIIa. The drug abciximab blocks that receptor, thus reducing the
adhesion of the platelet to fibrinogen. Fig. 1 shows a schematic diagram
of platelet (green) capture on a fibrinogen (violet) patterned gold elec-
trode (yellow substrate) after incubation with whole blood, both with
and without the drug. The concentration of abciximab to which the
whole blood was exposed was systematically varied and its effect on
the capture efficiency of the constituent platelets on the fibrinogen-
functionalised surface investigated. This single-step, whole blood
assay avoids the need to separate the different components, e.g. using
centrifugation, which is typical of other assays. Fig. 2 shows adhesion
of the platelets to the fibrinogen-coated surface before and after expo-
sure to different concentrations of abciximab (0 to 5 μg/mL). Fig. 2(I)
clearly shows that the platelets spread on the fibrinogen-coated surface,
creating long filopods which facilitate the recruitment of additional
platelets to the surface. Platelet–platelet interactions through the recep-
tor GPIIb/IIIa play a crucial role in thrombus formation and these inter-
actions dominate in the secondary stage of thrombus formation after
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Fig. 1. (A) Schematic diagram of microcontact printed fibrinogen on a gold electrode.
Platelets (green) are captured on printed fibrinogen dots (purple) to control their
separation. (B) High platelet surface coverage in the absence of a glycoprotein IIb/IIIa
receptor antagonist, abciximab, and (C) Low platelet coverage following addition of
abciximab to the blood sample.
adhesion and activation. Platelet stacking is clearly visible in Fig. 2(I)A
in the absence of the drug, i.e. thrombus-like structures are easily
formed on these fibrinogen-modified electrodes. As expected,
Fig. 2(I)B–E shows thatwhen the blood is treatedwith different concen-
trations of abciximab, this interaction is significantly reduced. It is evi-
dent that the complete inhibition of platelets by abciximab was
achieved at a concentration of 4 μg/mL. Fig. 2(II) shows the admittance
(reciprocal of impedance) plot for fibrinogen-coated gold electrodes ex-
posed to blood treated with different concentrations of abciximab. The
bare gold electrode exhibited very low impedance, reflecting the low
solution phase resistance and interfacial capacitance. Modification
with fibrinogen significantly decreases the admittance, which is consis-
tent with displacement of ions and solvent from the interface and in-
creased resistance due to the protein layer. Capture of platelets further
decreases the admittance as the captured cells increase the overall cell
resistance with relatively small changes in the interfacial capacitance.

Significantly, the admittance of the electrode systematically de-
creases as the concentration of the drug decreases; this result agrees
with the imaging data which show a higher coverage of captured plate-
lets for low abciximab concentrations, triggering a higher resistance
(lower admittance). The change in impedance on the electrode corre-
lates well with the surface coverage of platelets shown in Fig. 2(III).

When an alternating potential is applied to the working electrode in
an electrochemical cell, the impedance of the systemdepends on the so-
lution resistance, Rs, as well as the double layer capacitance, Cdl, as
shown in Eq. (1) [17]:

jZj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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s þ

1
πf Cdl

� �2
s
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In this case, 1 mMDPBS is used as the electrolyte and the resistance
of the solution remains constant throughout the experiment. Therefore,
the change in impedance is mainly due to changes in the double layer
capacitance, Cdl, which in turn depends on the interface properties
which alter when platelets bind to the interface. Platelets have a lipid
membrane layer which contains receptors and proteins and when
they are attached to the electrode, the insulating property of the elec-
trode is increased and a corresponding decrease in admittance is ob-
served [17].

The behaviour of the impedance biosensor system,which is a combi-
nation of the resistance of the electrolyte and the impedance contribut-
ed by the electrode/electrolyte interface, can be modelled using the
Randles model equivalent circuit. A simple circuit model (see inset of
Fig. 2(II)) is employed to fit the experimental data of the impedance
sensor. The equivalent circuit consists of electrolyte solution resistance,
represented by R1, and the resistance of the fibrinogen/platelet layer on
the gold sensor surface, represented by R2. The circuit employs a con-
stant phase element, ZCPE, (Eq. (2)). Here, the constant phase element
ZCPE is represented by:

ZCPE ¼ Q−1 j⍵ð Þ−α ð2Þ

where Q is themagnitude of the capacitance of the CPE,ω is the angular
frequency, and α is a real number between 1 and 0 (the closer α ap-
proaches to 1, the more ideal the capacitive behaviour of the CPE). The
fitted values are in good agreement with the measured data (points),
with ᵡ2 values below3×10−3, demonstrating that this simplified equiv-
alent circuit model can accurately reproduce the experimental results.

As discussed previously, homogeneously coated protein surfaces en-
courage the over-spreading of platelets after adhesion, attracting yet
more platelets and resulting in a high surface coverage of platelets,
this can give misleading results when calculating drug efficiency. How-
ever, patterning the fibrinogen, e.g. into microdots or islands, controls
the platelet–platelet interaction and the spreading of platelets on the
patterned surface. In addition, printing the fibrinogen on the surface
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Fig. 2. (I) Confocal fluorescent images of platelets captured on gold electrodesmodifiedwith a uniform fibrinogen layer as the concentration of abciximab added to thewhole blood sample
varies from 0 (LHS), 2, 3, 4, and 5 (RHS) μg/mL. The cells were labelled with fluorescein isothiocyanate, excited at 488 nm with a 63× objective and the scale bar is 20 μm. (II) Nyquist
admittance diagram of captured platelets on a fibrinogen-coated gold electrodes following capture from whole blood where the abciximab concentration is 0 (curve on extreme LHS),
2, 3, 4, and 5 (curve on extreme RHS) μg/mL whole blood. All measurements were carried out using a standard 3-electrode set up at the OCP (vs Ag/AgCl) in 1 mM PBS. The frequency
range was between 0.1 and 100 kHz and the AC amplitude was 25 mV. Inset is the equivalent circuit model used for impedance data fitting. (III) Dependence of the overall cell
impedance on the surface coverage of platelets captured on the fibrinogen-coated electrode from different concentrations of abciximab-treated blood. The black curve (axis to LHS)
shows the surface coverage of platelets on uniform fibrinogen layer and the grey line (axis to RHS) shows the impedance recorded after capturing platelets from whole blood treated
with different concentrations of abciximab.
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helps to isolate individual platelets from whole blood, making it possi-
ble to obtain full morphological information on individual platelets. A
detailed study of themorphology of single platelets can reveal informa-
tion about the activation levels of the platelets, which will aid the clini-
cian to determine the dosage needed by an individual patient. Here, the
fraction of the electrode surface coated with protein was varied using
microcontact printing and the drug–platelet interaction investigated
where the sample iswhole blood. Measuring the impedance of platelets
captured on a fibrinogen-coated surface can give an insight into the
drug's efficacy. Fig. 3(I)A to E show confocal fluorescence images of
platelets captured fromwhole blood byfibrinogen that has beenprinted
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Fig. 3. (I) Confocal fluorescent images of platelets captured on a gold electrode modified w
systematically varied from 0 (A), 2 (B), 3 (C), 4 (D), and 5 (E) μg/mL. The platelets were labell
bar is 20 μm. (II) Nyquist admittance diagram of captured platelets on fibrinogen-printed go
measurements were carried out using a standard 3-electrode set up at the OCP (vs Ag/AgCl)
was 25 mV. Inset is the equivalent circuit model used for impedance data fitting. (III) Plot sh
treated with different concentrations of abciximab. The black curve shows the surface covera
the impedance recorded after capturing platelets from whole blood treated with different conc
on a gold electrode as the concentration of abciximab is systematically
varied. The number of bound platelets decreases significantly as the
drug concentration is increased. Fig. 3(II) shows theNyquist admittance
plot for platelets captured on the fibrinogen-printed electrode. The cell
impedance increases significantly when platelets are captured on the
electrode. This increase in impedance could arise from a change in dou-
ble layer capacitance or, more likely, increased resistance as the bound
platelets block access to the underlying electrode. Significantly, the im-
pedance decreases linearly with increasing concentration of abciximab,
i.e. lower platelet coverage is associated with lower cell impedance. The
microcontact printing technique provided reproducible protein
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patterns all over the electrode surface: the reproducibility of patterning
of fibrinogen was N95% when printing was carried out with a freshly
prepared PDMS stamp. Fluorescence microscope images of the drop-
coated protein surfaces showed variability in the distribution of protein
between electrodes; however, the variation in the number of platelets
after the whole blood assay was within experimental error. The ability
to determine the extent of platelet adhesion as a function of abciximab
concentration in a rapid, label-free assay by capturing platelets from an
unprocessed blood sample is significant, and could help clinicians to de-
termine the optimum dose for an individual patient.

4. Conclusion

In summary, by patterning a fibrinogen capture layer on gold we
have demonstrated that platelets can be captured directly from a
whole blood sample. Significantly, the impedance response depends
on the platelet coverage, which itself depends on the concentration of
abciximab that the blood sample has been exposed to. Thus, this rapid,
label-free assay can help guide the optimum dose of antiplatelet thera-
py. The main advantages of using this assay are: (i) platelets are cap-
tured from untreated whole blood; (ii) the electrodes are disposable;
(iii) patterning of protein on the electrodes significantly reduces plate-
let–platelet interactions compared to a homogeneous surface, which
helps to determine the effect of the drug; and (iv) a simple, label-free
and rapid detection technique is employed. Therefore, this assay has
the potential to be clinically significant, especially if integrated within
a point of care, sample-to-answer device.
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