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A bifunctional probe (PTC-Tb) which acts as not only a well-defined and
stable electrochemical redox molecule but also as a highly efficient
co-reactant of an electrochemiluminescent oxygen—peroxydisulfate
system was firstly synthesized and applied to the construction of
dual-response aptasensors for thrombin detection.

Aptamer, an artificial oligonucleic acid, can bind with high affinity
and specificity to a wide range of targets,' such as proteins,” small
molecules,” cells,* viruses,” etc. Recently, various aptamer-based
biosensors have been developed based on different analytical
techniques, such as fluorescence,® colorimetric analysis,” ultraviolet
absorbance,® electrochemical (EC)’ and electrochemiluminescent
(ECL)" methods. Among them, the EC technique owing to its
distinct advantages of simplicity, fast response as well as relatively
cheap cost, and the ECL technique owing to its intrinsic advantages
of high sensitivity, excellent selectivity as well as low background
have been widely used in aptasensors.'>'> More inspiringly, the
dual EC and ECL detection strategy can provide an easier and more
effective way as well as a wider dynamic concentration response
range for the analysis of targets than the single EC or ECL detection
alone. The development of dual-response mode could lead to more
rapid clinical decision making and corresponding reduction in
patient stress and healthcare costs."

Nevertheless, it is hard to achieve dual-responses for EC and
ECL detection on the basis of one aptasensor. Usually, the EC or the
ECL aptasensor is indispensable to label its signal probe, so it is
difficult to search for a bifunctional probe with the dual EC and ECL
responses. Up to now, dual-response modes have been mainly
developed based on the heterogeneous biosensors. For example,
Zhang’s group constructed two distinct biosensors utilizing various
probes (magnetic bead-Au-CdS and magnetic bead-Ru biocomplex)
to achieve dual-responses for the determination of Ramos cells.
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Next, Jie and colleagues® also designed two different biosensors but
one bi-functional probe (quantum dot nanocluster) on the different
sensing platform to obtain dual-responses for analysis of the targets
(DNA and cancer cells). Furthermore, owing to the dual EC and ECL-
properties of Ru(bpy);>" itself, Dennany and coworkers'® developed a
sensor using [Ru(bpy),(PVP);o[*" assembled layer-by-layer with DNA
as a sensing platform to achieve EC and ECL detection. However,
because of the inherent water-solubility of Ru(bpy);>* and its
derivatives, it is difficult to overcome the leakage of the Ru complex
from the modified electrode, which limited the development of the
Ru complex based solid-state ECL biosensors. To date, with the
exception of the Ru(bpy);®>* system, there has been no report
focusing on one biosensor for dual-response detection based on
other systems. The reason may be that it is difficult to search for a
bifunctional probe with dual-responses for EC and ECL signals.

Perylene-3,4,9,10-tetracarboxylic acid (PTCA), an archetypal
n-stacking organic perylene dye, has been widely acknowledged
as one of the most promising and rapidly emerging research
areas for advanced materials owing to its large specific surface
area and low manufacturing cost as well as desirable organic
electronic and optical properties.'”° Interestingly, PTCA could
considerably enhance the ECL signal of peroxydisulfate (S,05>")
emission, which has been demonstrated in our previous work.>*
With the goal of obtaining a bifunctional EC and ECL probe,
toluidine blue (Tb), which is a kind of dye molecule exhibiting
reversible redox-activity, was conjugated to PTCA (the product was
abbreviated as PTC-Tb). Herein, the dual-response PTC-Tb probe
was firstly synthesized and applied to biosensor construction.
We find that PTC-Tb exhibits good membrane-forming proper-
ties for the electrode surface modification. More importantly,
this bifunctional PTC-Tb probe acts as not only a stable redox
molecule with a pair of well-defined EC redox peaks but also as
a highly efficient co-reactant of the 0,-S,05>~ system for greatly
enhancing ECL emission.

In view of the advantageous features of the bifunctional
PTC-Tb probe, the dual-response EC and ECL aptasensors were
designed to detect thrombin based on one sensing platform
which was constructed by a covalently immobilized thrombin
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Scheme 1 Schematic illustration of the aptasensor preparation process and dual-responses for EC and ECL detection.

aptamer on the hexanethiol/nano-Au/PTC-Tb modified gold
electrode. After incubation with the target, the dual-response
EC and ECL signals were obtained and decreased with increas-
ing concentrations of thrombin.

Scheme 1 shows the schematic diagram for the fabrication
of aptasensors and dual-response detection of thrombin. First,
5 uL PTC-Tb was coated on a pretreated gold electrode (AuE) and
dried in air. Then the PTC-Tb modified electrode was immersed
into 2 mL colloidal nano-Au for 4 h to obtain the nano-Au/PTC-Tb
modified electrode via electrostatic interaction. Subsequently, the
prepared nano-Au/PTC-Tb/AuE was incubated with 15 pL of 2 uM
TBA for 16 h at room temperature. Following this, the resulting
electrode was blocked with 15 pL of 1.0 mM hexanethiol (HT) for
45 min to avoid the nonspecific adsorption. After every step, the
modified electrode was extensively rinsed with doubly distilled
water to remove nonspecific adsorption and dried under a stream
of nitrogen prior to EC and ECL characterization. The obtained
aptasensor was stored at 4 °C when not in use.

The fabrication process for the dualresponse aptasensor was
monitored by EC and ECL characterization. As shown in Fig. 1A,
Cvs of different modified electrodes for EC characterization were
recorded for HAc-NaAc (pH 5.5) at a scan rate of 50 mV s . No
obvious redox peaks are observed at bare AuE (Fig. 1A, curve a).
Nevertheless, when PTC-Tb was modified onto the AuE, a pair of well-
defined peaks could be obtained (Fig. 1A, curve b), which were
attributed to the excellent electrochemical activity of PTC-Tb. After
adsorbing nano-Au on the PTC-Tb membrane, the redox peak current
is further improved (Fig. 1A, curve c), which indicates that the nano-
Au is similar to a conducting wire, making the electron transfer easier.
The peak current decreased obviously, however, when TBA was
assembled on the electrode surface (Fig. 1A, curve d). The reason
for this is that the aptamer assembled on the electrode can block the
electron transfer of the redox probe. Subsequently, non-electroactive
HT was employed to block nonspecific sites on the electrode surface
and the peak current decreased further (Fig. 1A, curve e). Finally, after
incubation with thrombin, the CV response is decreased again owing
to the fact that the complementary pairing of thrombin and TBA
retards the electron transfer tunnel (Fig. 1A, curve f).
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Fig. 1 (A) CV responses of different electrodes in 0.1 M HAc-NaAc buffer
(pH 5.5) at a scan rate of 50 mV s~ and (B) ECL responses of different
electrodes in 0.1 M HAc-NaAc buffer (pH 5.5) containing 5 mM K;,S,0g
(the voltage of the photomultiplier tube was set at 800 V) at a scan rate
of 100 mV s™% (a) bare AuE; (b) PTC-Tb/AUE; (c) nano-Au/PTC-Tb/AUE;
(d) TBA/nano-Au/PTC-Tb/AUE; (e) HT/TBA/nano-Au/PTC-Tb/AuE; (f) after
incubation with 5 nM thrombin.

Furthermore, in order to characterize the fabrication process of
the ECL aptasensor, ECL signals at each immobilization step were
also recorded. In Fig. 1B, the bare AuE in the 0,-S,05> system
produced a weak ECL response (Fig. 1B, curve a). Upon modifying
PTC-'Tb on AuE, a remarkable ECL increase is observed (Fig. 1B,
curve b), demonstrating that PTC-Tb is a highly efficient co-reactant
of the ECL 0,-5,05>~ system. The ECL response is increased after
adsorbing nano-Au on the PTC-Tb film via electrostatic interaction
(Fig. 1B, curve c), because nano-Au accelerated the electron transfer
in ECL reaction. When TBA was immobilized onto the nano-Au/
PTC-Tb/AuE, the ECL signal decreased apparently (Fig. 1B, curve d)
for which TBA hinders the diffusion of luminescent reagents
toward the electrode surface. The decreased ECL response is also
observed after immersing HT to block the nonspecific adsorption
on the electrode surface (Fig. 1B, curve e). Finally, the ECL intensity
further decreased (Fig. 1B, curve f) after incubation with thrombin,
due to forming the complementary pairing blocking layer. As a
result, we can make a conclusion that the thrombin has been
successfully immobilized on the base electrode.

The performance of the proposed aptasensor was monitored
by incubating with 15 pL thrombin standard solutions based on
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Fig. 2 (A) DPV and (B) ECL responses of the proposed aptasensor after
incubation with different concentrations of thrombin (insets: the corre-
sponding calibration curves).
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Fig. 3 (A) EC and (B) ECL stabilities of aptasensor for O week, 1 week and
2 weeks, respectively (error bars: SD, n = 3).

the developed protocol under the optimal conditions. The DPV
current (Fig. 2A) and ECL intensity (Fig. 2B) of the aptasensor
decreased with increasing concentration of thrombin. The
calibration plot shows a good linear relationship between DPV
responses and the logarithmic value of thrombin concentrations
ranging from 0.5 nM to 50 nM with a correlation coefficient of
0.991 (Fig. 24, inset). The regression equation is I (LA) = —6.57 log ¢
(nM) — 17.91 with a detection limit of 0.2 nM (defined as 30, in
which o is the relative standard deviation of a blank solution, n =
15). Furthermore, the calibration plot exhibits a good linear
relationship between the ECL peak intensities and the logarithmic
value of thrombin concentrations ranging from 0.005 nM to 10 nM
with a correlation coefficient of 0.997 (Fig. 2B, inset). The regression
equation is I (MA) = —1742.46 logc (nM) + 3254.97 (where I is the
ECL intensity and ¢ stands for the concentration of thrombin) with
a detection limit of 1.7 pM (3¢). With the mutual calibration of EC
and ECL curves, a wide dynamic concentration response range of
0.005-50 nM is obtained. This dual-response aptasensor provides
an easier and more effective way as well as a wider dynamic
concentration response range to accurately detect thrombin.
When the aptasensor was not in use, it was stored at 4 °C to
keep the temperature constant. The stability of the proposed
aptasensor was measured by a long-term storage assay after
incubation with 1 nM thrombin, as shown in Fig. 3. It is found
that about 96.7% and 93.8% of the original EC and ECL
responses were retained after 1 week, and about 89.7% and
87.2% of the initial EC and ECL signals were noticed after 2 weeks,
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respectively, indicating that our proposed aptasensor is of
acceptable stability.

In summary, a simple dual-response aptasensor has been
designed for thrombin detection by employing a bifunctional
PTC-Tb probe to construct one sensing platform. Interestingly,
the PTC-Tb probe is easily prepared and acts as not only a well-
defined and stable EC redox molecule but also as a highly efficient
co-reactant of the ECL 0,-S,05>~ system. More importantly, the
present assays can provide easier and more effective way as well as
a wider dynamic concentration response range for the accurate
detection of proteins. We believe that this dual-response biosensor
may open a new exciting avenue for target detection.
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