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Abstract

In this study, a functionalized nanocomposite-based electrochemiluminescence (ECL) sensor for detecting thrombin was devel-
oped. First, Ru(bpy);>*/B-cyclodextrin-Au nanoparticles (3-CD-AuNPs)/nanographene (NGP) composites were used to modify
the glassy carbon electrode (GCE) surface, and then aptamers (TBA1 and TBA2 with a 1:1 M ratio) were labeled with ferrocene
(Fc) acting as the probes and were attached to the composite via the host—guest recognition between 3-CD and Fc. In the absence
of thrombin, the quenching of Fc to [Ru(bpy)s]** was maintained, and “signal-off” ECL was observed. However, because of the
specific combination of the aptamer probes and thrombin, the configuration of aptamer probes changed and escaped from the
electrode surface once thrombin appears, which results in the quenching disappearance, and the ECL signal was changed from
“off” to “on.” Meanwhile, the application of nanocomposites amplified the effect of “signal-on.” By this strategy, thrombin was
detected with high sensitivity and with a detection limit down to 0.23 pM. Moreover, the relatively simple ECL sensor exhibited

excellent reproducibility with at least 6 cycles of recovering the original signal.
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Introduction

Thrombin is a crucial serine protease of the blood coagulation
system. It plays an important role in wound healing, vascular
hemostasis, inflammation, tissue adhesion, and atherosclero-
sis [1, 2]. In addition to these physiological effects, thrombin
exhibits a moderating effect on the growth of tumor cells, for
example, it promotes growth at low tumor cell concentration
and inhibits growth at high tumor cell concentration and even
produce apoptosis effect. Furthermore, thrombin participate in
the pivotal role of the activation of the tumorigenicity of
normal cells and metastasis of malignant cells [3, 4]. As
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one of the indicators for measuring the abnormal coagula-
tion function of the body, the study of highly efficient
method to detect thrombin is of significance for the diagnosis
of diseases.

Aptamers represent a new in vitro screening technology,
i.e., SELEX, by which oligonucleotide fragments that can
specifically bind to proteins, small molecules, and inorganic
ions can be screened from a random single-strand oligonucle-
otide library. As the molecular recognition elements of
aptasensor, aptamers not only bind to targets with high spec-
ificity and excellent selectivity but also can be synthesized and
modified easily. In addition, they are extremely stable and
non-immunogenic, a wide range of ligands, as well as easy
storage compared to other recognition elements [5—7]; hence,
aptasensors have been extensively developed [8—10].

ECL is the combination of electrochemistry and chemilu-
minescence, which integrates the advantage of luminescence
and electrochemical analysis technology. ECL exhibits the
advantages of ideal sensitivity, good controllability, simple
instrument and operation, and good repeatability [11, 12];
hence, the ECL aptasensor, which combines ECL and sensor
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technology, has been widely developed [13, 14]. In recent
years, considerable efforts have been focused on the detection
of thrombin using ECL aptasensors [15-19]. For example, a
sandwich ECL aptasensor that assemble thrombin aptamer on
a gold electrode surface for specific recognition with thrombin
has been reported, followed by another CdS-labeled aptamer,
achieving anti-interference detection [20]. Another sandwich
ECL sensor based on a dual-signal amplification strategy has
been reported to exhibit high detection sensitivity [21].
Although these methods can effectively amplify the signal
and improve the sensitivity, the detection method requires
multi-step identification, and the operation is complex.
Meanwhile, nanocomposites possess some properties such
as large surface area, excellent conductivity, and catalytic per-
formance, it can improve the sensitivity of the modified sen-
sors; thus, several of the developed ECL aptasensors exploit
these advantages [19, 22-24]. A “signal-off” ECL assay
for the detection of thrombin utilizing N-(aminobutyl)-
N-(ethylisoluminol) (ABEI)-functionalized gold nanoparti-
cles (ABEI-AuNPs) has been reported [25], the remaining
aptamer that is not connected with thrombin exhibits ECL
signals after coming in contact with ABEI-AuNPs, and the
amount of thrombin increases, while the ECL signal
weakens. Besides, selecting Dpa-melanin CNSs as carriers
of [Ru(bpy);]** to amplify signal label was go for the con-
struction of signal-off ECL thrombin sensor [26], and the
luminescence response signal decreases as a result of the
blocking effect of the target protein on the electron trans-
port. The above signal-off ECL sensor was based on the
combination of aptamer and target analyte, leading to the
reduction in the luminescence signal to achieve quantita-
tive detection. However, the method exhibits some limita-
tions because of its decreased signal, and a large back-
ground signal is required and is easily affected by other
interfering substances to produce a “false signal,” thus
limiting the sensitivity of the aptasensor.

In this study, after combining the characteristics of the
above sensors, a functionalized nanocomposites-based ECL
aptasensor for the detection of thrombin was developed
(Fig. 1). 3-Cyclodextrin (3-CD) is a typical annular oligosac-
charide with a cone-like hollow cylindrical cavity, with an
inner hydrophobic cavity and an outer hydrophilic ring.
Because of its specific cavity structure, 3-CD exhibits a re-
markable capacity to identify and envelop guest molecules,
leading to an admirable molecular assembly system between
the host and guest [27]. We modified the electrode with
Ru(bpy);>*/B-cyclodextrin—Au nanoparticles ($-CD-
AuNPs)/nanographene (NGP) composites. Next, the Fc-
labeled aptamer probes (TBA1 and TBA2) that can specifi-
cally recognize thrombin were anchored on the electrode sur-
face via the host—guest recognition between 3-CD and Fe.
The presence of thrombin enables the change in the probe
structure and the disappearance of the quenching of Fc to
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[Ru(bpy)s]**; hence, signal-on ECL is achieved. For one unit
of target, thrombin can trigger multiple ECL switches that
get a high sensitivity in an ideal linear calibration range
from 0.4 to 1000 pM of thrombin concentrations. In addi-
tion, the probes were directly separated from the electrode
surface after the combination occurred, leading to the re-
markable increase in the ECL intensity; accordingly, the
sensitivity of the target is improved with a detection limit
0f 0.23 pM. Meanwhile, all of the reactions occurred on the
surface of modified electrode, and there was no need for
extra separation procedure.

Experimental
Materials

Fc-labeled aptamers TBA1 (5'-Fc-GGTTGGTGTGGGTT
GG-3') and TBA2 (5'-Fc- AGTCCGTGGTAGGGCAGGTT
GGGGTGACT-3') for specific combination with thrombin
were synthesized by Takara Co. Ltd. (Dalian, China).
Thrombin, bovine serum albumin (BSA), and
immunoglobinG (IgG) were purchased form Sangon
Biotechnology Co., Ltd. (Shanghai, China). The detecting so-
lution of phosphate buffer saline (PBS, pH 7.4) containing tri-
n-propylamine (TPA) and other reagents such as sodium bo-
rohydride (NaBH,), dimethylsulfoxide (DMSO), chloroauric
acid (HAuCly), acetonitrile (CH3CN), and ethanol were com-
mercially available and of analytical-reagent grade (Dingguo
Biotechnology, Inc.). The water used in all experiments was
prepared from an ultrapure water system purchased from
Millipore Milli-Q (USA).

Apparatus

ECL emission measurements were implemented with a model
MPI-A electrochemiluminescence analyzer (Xi’an Remax
Electronic Science and Technology Co. Ltd., Xi’An, China)
at room temperature (25 °C), and the autolab electrochemical
workstation (Metrohm Instruments Co., Swiss) was used
to record electrochemical measurements. Electrochemical
experiments were carried out on a 5 mL electrochemical
cell with three-electrode systems, with a glass carbon elec-
trode (GCE, diameter of 2.0 mm) as the working electrode,
a platinum wire as the counter electrode, and an Ag/AgCl
as the reference electrode with a saturated KCI solution,
respectively. Transmission electron microscopy (TEM) im-
age was recorded on a JEM-2000EX transmission electron
microscope (JEOL, Japan) at an accelerating voltage of
300 kV, and scanning electron microscopy (SEM) image
was performed with Quanta 250 scanning electron micros-
copy (FEI, America). A nuclear magnetic resonance spec-
trometer (Bruker, 400 MHz, Swiss) was used.
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Fig. 1 Schematic of the assembly of the ECL aptasensor for the detection of thrombin

Preparation of nanographene

According to a previously reported study [28], nanographene
(NGP) was prepared by ball milling. In a typical experiment,
2.0 g of graphite powder and 60 g of steel balls (diameter of 1—
1.3 cm) were loaded into a hardened steel vial and purged with
high-purity argon (99.999%) in a glove box for 20 min. NGP
sheets were obtained by ball milling at 450 r/min for 20 h.

Preparation of B-cyclodextrin-functionalized Au
nanoparticles/nanographene

Per-6-thio-3-cyclodextrin (SH-3-CD) was prepared accord-
ing to a previously reported study [29] with some modifica-
tions (Supporting Information), and (3-CD-AuNPs were also
synthesized according to a referring literature with some mod-
ifications [30]. First, 20 mL of HAuCl, (0.6 mM) in aqueous
DMSO (H,O/DMSO = 1:4) was rapidly mixed with 16 mL of
DMSO containing 8.0 mg SH-3-CD and 60.4 mg NaBH,,
and the mixed solution was evenly stirred at room temperature
for 24 h; after the addition of 32 mL of CH;CN into the
reaction mixture, the resulting precipitate was collected by
centrifugation. Next, 50 mL of CH;CN/DMSO (v/v=1:1)
and 50 mL of ethanol were added for washing the final pre-
cipitate followed by centrifugation, and the sample was dried
under vacuum at 60 °C overnight and stored for later use.

NGP (1.5 mL) and 3-CD-AuNPs (0.5 mL) were mixed
and stirred for 30 min, and the above process was repeated
five times to make (3-CD more evenly distributed over
NGP. Finally, the nanocomposites (3-CD-AuNPs/NGP)
were obtained and examined by TEM (Fig. 2 (left)) and
SEM (Fig. 2 (right)); as can be seen from the two images,
the 3-CD modified AuNPs are uniformly distributed on the
ordered NGP surfaces.

Fabrication of the ECL thrombin aptasensor

GCEs (diameter of 2 mm) were polished with 0.3- and
0.05-pum high alumina slurry and thoroughly rinsed with
water. The as-obtained (3-CD-AuNPs/NGP suspension was
mixed with 0.5% Nafion (v/v=1:2) and subjected to soni-
cation for 30 min to afford 3-CD-AuNPs/NGP/Nafion. To
modify GCE with 3-CD-AuNPs/NGP/Nafion, 5 pL of (3-
CD-AuNPs/NGP/Nafion was spin-coated on a cleaned
GCE surface with a microsyringe and dried at room tem-
perature. After dipping (3-CD-AuNPs/NGP/Nafion/GCE
into 1 mL of Ru(bpy)32+ (1 mM) for at least 30 min and
thoroughly rinsing with 10 mM of phosphate buffer (PBS,
pH 7.4), an ECL layer of Ru(bpy);>*/B-CD-AuNPs/NGP/
Nafion/GCE was obtained. The fabrication of the ECL
thrombin aptasensor was completed with the incubation
of Ru(bpy);>*/B-CD-AuNPs/NGP/Nafion/GCE with a solu-
tion containing 0.3 mL of 0. mM Fc-aptamers for 60 min,
and the resulting electrode surface was repeatedly eluted with
10 mM PBS (pH 7.4).

ECL sensing performance

A constant amount of thrombin was incubated with the pre-
pared ECL thrombin aptasensor in 100 pL. of 10 mM PBS
(pH 7.4) for 15 min, and the excess thrombin was washed
using 10 mM of PBS (pH 7.4). During this process, a three-
electrode system was used to examine the ECL sensing per-
formance. Meanwhile, a triangular potential scan at a rate of
100 mV/s in 2.0 mL of 0.1 M PBS (pH 7.4) containing 50 mM
TPA was utilized for ECL measurements. The increased ECL
intensity (Al =Is — Ip) represents the thrombin concentration,
where [ and /5 represent the ECL intensities of the aptasensor
before and after treatment with thrombin.
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Fig. 2 TEM image of the
prepared 3-CD-AuNPs/NGP (left
side). SEM image of the prepared
3-CD-AuNPs/NGP (right side)

Results and discussion

Verification of the ECL intensity-potential curves
for controllable electrode

Figure 3 shows the ECL intensity—potential curves using dif-
ferent electrodes in 0.1 M of PBS containing 50 mM TPA. As
expected, no ECL signal was observed on a bare electrode
(curve a in Fig. 3 (left)); however, because of the luminescent
properties of Ru(bpy);>* and the amplification effect of
AuNPs on the Ru(bpy)32+, after the immobilization of
Ru(bpy)32+/ [3-CD-AuNPs/Nafion on the electrode, a strong
ECL signal was observed (curve b in Fig. 3 (left)). With the
immobilization of Ru(bpy);>*/B-CD-AuNPs/NGP/Nafion,
the ECL signal changed from approximately 4900 to 8300
(curve ¢ in Fig. 3 (left)). This change in the ECI signal is
related to the excellent properties of NGP, and NGP possesses
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Fig. 3 ECL intensity—potential curves obtained at different electrodes in
0.1 M of PBS (pH 7.4) containing 50 mM TPA (left side). GCE (a),
Ru(bpy);>*/B-CD-AuNPs/Nafion/GCE (b), Ru(bpy);>*/p-CD-AuNPs/
NGP/Nafion/GCE (c), and Fc-aptamers/Ru(bpy);>*/B-CD-AuNPs/
NGP/Nafion/GCE (d). The DPV responses (scanning range —
0.05~0.40 V; scanning rate 0.002 V/s; pulse amplitude 0.05 V) in
0.1 M of PBS (pH 7.4) for Ru(bpy);>*/3-CD-AuNPs/Nafion/GCE (c)
and Fc-aptamers/Ru(bpy)s>*/B-CD-AuNPs/Nafion/GCE (d') (right side)
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large specific surface area and subtle electron transfer; more-
over, it can enhance the co-reactant diffusion in ECL-based
sensors [31]. However, with the formation of a quenching
monolayer of Fc on the Ru(bpy);>*/B-CD-AuNPs/NGP/
Nafion-modified electrode, the ECL of Ru(bpy)32+ was
quenched effectively, and the ECL signal rapidly decreased
(curve d in Fig. 3 (left)). The principle of ECL quenching is
related to the transfer of electrons between Ru(bpy)32+ and
ferrocenium (Fc™), which can be verified by the suppression
of radical reactions [32, 33].

Because the quenching efficiency of the ECL of
Ru(bpy)32+ was determined by the amount of Fc-labeled
aptamer probes, the differential pulse voltammetry (DPV)
was used to ensure that there was sufficient Fc probes fixed
to the electrode. There was almost no oxidation current with
the Ru(bpy)32+/ [3-CD-AuNPs/Nafion/GCE (curve ¢’ in Fig. 3
(right)), on the contrary, a large redox current of 1.8 pA of Fc-
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Fig. 4 Nyquist diagrams of EIS recorded from 0.1 Hz to 105 Hz for
[Fe(CN)6]° /[Fe(CN)6]*™ (10 mM, 1:1) in 0.1 M KCIL. GCE (a),
Ru(bpy)32+/[5-CD-AuNPs/NGP/Nafion/GCE (b), Fc-aptamers/
Ru(bpy)32+/[5—CD—AuNPs/NGP/Nafion/GCE (¢), and after the
incubation of Fc-aptamers/Ru(bpy)s>*/B-CD-AuNPs/NGP/Nafion/GCE
with thrombin (d)
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Fig. 5 a Response of different aptamers to the ECL aptasensor in the presence of 2 pM of thrombin, TBA1 (a), TBA2 (b), and TBA1 and TBA2 (c). b

Effect of the incubation time of thrombin on the sensor

aptamers/Ru(bpy);>*/B-CD-AuNPs/Nafion/GCE appeared,
which demonstrate the existence of a large quantity of Fc on
the electrode (curve d in Fig. 3 (right)).

Electrochemical impedance characterization
of the modified electrode

Electrochemical impedance spectroscopy (EIS) was utilized
to characterize the electrode assembly and detection process
(Fig. 4). Bare GCE exhibited a small semicircle in the EIS
spectrum (curve a in Fig. 4), indicative of the rapid electron
transfer of [Fe(CN)64_]3_. Because the effective sites on the
electrode surface are occupied after the immobilization of
Ru(bpy);>*/p-CD-AuNPs/NGP/Nafion, the electron-transfer
resistance was enhanced (Ret=3.5 k2, curve b in Fig. 4).
Besides, with the assembly of the aptamers on the electrode
surface, the negative charges between the electrode surface
and redox probe repelled each other, which limits that the rate
at which the interfacial electrons are transferred and continu-
ously increases the impedance as evidenced by Ret (from 3.5
to 5.2 kS, curve ¢ in Fig. 4); in the meanwhile, this result
indicated the successful assembly of the aptamers. With the
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incubation of thrombin on the Fc-aptamers/Ru(bpy)32+/ 3-
CD-AuNPs/NGP/Nafion-modified electrode, a large number
of aptamers left the electrode surface, leading to significantly
decreased Ret (from 5.2 to 4.5 k€2, curve d in Fig. 4).

Selection of aptamers for sensor assembly

Because there are two sites available for the specific binding
of the aptamer probes to thrombin [34], in order to achieve
high sensitivity detection, TBA1 and TBA2 were selected as
the detection probes to prepare the aptasensor (including 1:0
ratio; 0:1 ratio; 1:1 ratio). Figure 5a shows the response of the
ECL aptasensor in the presence of 2 pM of thrombin. The
sensors based on TBA1 and TBA2, respectively, exhibited
relatively low responses (columns a and b in Fig. 5a). The
same aptamer restricted the surface-binding sites of thrombin;
thus, the ECL response with a turn-on signal to the probe
decreases. However, after the immersion of both TBA1 and
TBAZ2, the best response was obtained (column c in Fig. 5a).
Based on these results, TBA1 and TBA2 (molar ratio of 1:1)
were selected for constructing the ECL sensor for further
experiments.
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Fig. 6 a ECL responses to different thrombin concentrations. b Calibration curve of thrombin
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Fig. 7 Specificity of the assay for the detection of thrombin: protein
concentration was maintained at 100 pM. BSA (a), IgG (b), 2 pM of
thrombin (c), 2 pM of thrombin + 100 pM of BSA (d), and 2 pM of
thrombin + 100 pM of IgG (e)

Optimization of the thrombin incubation time

Figure 5b shows the ECL response in terms of the incubation
time on A/. The current signal increased with the incubation
time, reaching equilibrium at 15 min. No changes were ob-
served in A/ after incubation for a long time, implying that the
optimum incubation time for thrombin detection is 15 min. As
the formation constant of the thrombin—aptamer bridge [35] is
greater than that of Fc and 3-CD [36], the aptamer easily binds
to the binding sites of thrombin and forces Fc to leave from f3-
CD. Consequently, thrombin takes less time to bind to
aptamers compared with the other competitive detection
method [37].

Competition assay for thrombin detection

The quantitative behavior of this assay was evaluated by
the variation of the thrombin concentrations under the op-
timized experimental conditions. With the increase of
thrombin concentration, the number of Fc remaining at
the electrode decreased, which leads to the enhancement
of the ECL intensity (Fig. 6a). The ECL intensity was
proportional to the logarithmic value of the thrombin con-
centration ranging from 0.4 to 1000 pM with a correlation
coefficient R of 0.9916 (n =6) (Fig. 6b), and the detection
limit was 0.23 pM.

Selectivity of the proposed aptasensor

Furthermore, the response of the aptasensor to other common
interference proteins was investigated. No obvious difference
was observed after the treatment with 100 pM of BSA and IgG
(columns a and b in Fig. 7) compared to the blank buffer.
Besides, the addition of BSA and IgG (100 pM) into the
thrombin did not lead to an increase in the signal intensity
(columns d and e in Fig. 7) compared to Fig. 7 column c,
which further confirmed that the aptamer probes for the detec-
tion of thrombin do not interact with BSA and IgG. These
results clearly demonstrated that the proposed aptasensor
exhibits adequate specificity for the detection of thrombin
against common interference proteins.

Actual sample analysis

To examine the practical applications of the developed
aptasensor, the detection of thrombin was carried out by sam-
ple recovery experiments using 100-fold diluted healthy hu-
man serum samples, which come from volunteers of affiliated
hospital of Jiangxi University of Traditional Chinese
Medicine. For this purpose, different thrombin concentrations
were added to the diluted healthy human serum samples, and
parallel measurements were carried out in triplicate and aver-
aged. Table 1 shows the results obtained, the sample recovery
within a range from 91.3 to 104.1% with a relative standard
deviation (RSD) of less than 9.1%, indicating that the ECL
aptasensor efficiently detects thrombin even in complex bio-
logical environment.

Sensor regeneration

As the immobilization of the aptamer probes was achieved by
the identification between the host and guest, the sensor
exhibits a simple reproducibility. To examine the applica-
bility of the prepared ECL aptasensor with Fc probes, the
reusability of the sensor was examined by the anchoring of
the aptamer probes (0.1 mM) on the electrode for 60 min,
which could easily regenerate the sensor for further use.
After treatment with thrombin, the ECL signal intensity
was almost recovered to its original peak and could be
recycled for at least 6 cycles (Fig. 8), which indicate the
excellent reusability of the ECL aptasensor.

Table 1 Recovery results of

thrombin at different Sample Spiked (pM) Found (pM) Recovery (%) RSD(%) n=3
concentrations spiked into human
serum sample Serum 100.0 91.3 91.3 6.3

200.0 183.4 91.7 4.7

400.0 416.3 104.1 9.1

800.0 746.5 93.3 7.8
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Fig. 8 Regeneration cycles of the ECL aptasensor with the stepwise
challenge with 10 pM of thrombin, followed by the immersion of the
Fc probes (0.1 mM) solution. N represents the times for the sensor
regeneration

Conclusion

In this study, a novel thrombin ECL aptasensor was developed
on the basis of host—guest recognition as well as novel nano-
composite. The new aptasensor exhibited the following char-
acteristics: (i) high selectivity for aptamer, (ii) excellent elec-
trical conductivity, and (iii) good ECL properties of
Ru(bpy);>*/B-CD-AuNPs/NGP. As all of the reactions oc-
curred on the GCE surface, there is no requirement for addi-
tional separation. The high specificity and sensitivity of the
aptasensor are beneficial for the diagnosis of diseases caused
by abnormal thrombin.
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