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A B S T R A C T

The sensitive and accurate detection of cardiac troponin I (cTnI) is critical for myocardial infarction diagnosis. In
this work, a dual-aptamer-based electrochemical (EC) biosensor was designed for cTnI detection based on the
DNA nanotetrahedron (NTH) capture probes and multifunctional hybrid nanoprobes. First, the NTH-based Tro4
aptamer probes were anchored on a screen printed gold electrode (SPGE) surface through the Au–S bond,
providing an enhanced spatial dimension and accessibility for capturing cTnI. Then, the hybrid nanoprobes were
fabricated by using magnetic Fe3O4 nanoparticles as nanocarriers to load a large amount of cTnI-specific Tro6
aptamer, natural horseradish peroxidase (HRP), HRP-mimicking Au@Pt nanozymes and G-quadruplex/hemin
DNAzyme. This signaling nanoprobes are capable of specifically recognizing the target cTnI based on the Tro6
aptamer and amplifying the signals to improve the detection sensitivity via enzymatic processes. We found the
remarkable enhanced effect of EC signal to be attributed to the co-catalysis effect of hybrid nanozymes, HRP and
DNAzyme. The target cTnI was sandwiched between the two types of aptamers (Tro4 and Tro6) on the electrode
interface. Finally, this EC aptasensing platform exhibited great analytical performance with a wide dynamic
range of 0.01–100 ngmL−1 and a low detection limit of 7.5 pgmL−1 for cTnI. The high selectivity, sensitivity
and reliability of EC aptasensor can provide great potential in the clinic disease diagnostics.

1. Introduction

Cardiovascular diseases are major emergent health problems
worldwide. Acute myocardial infarction (AMI) can lead to irreversible
heart damage and ultimately cause heart failure. Early diagnosis of
possible AMI is essentially important to attenuate and prevent its pro-
gression (Nsabimana et al., 2019; Szunerits et al., 2019). In the case of
heart muscle damage, cardiac protein biomarkers are released into the
blood stream, including cardiac troponin (cTnC, cTnT and cTnI),
myoglobin (MYO) and creatine kinase. Among those biomarkers, cTnI
can reveal the tiny myocardial damage and remain in myocardial tissue
for 10 days (Bakirhan et al., 2018; Steckl and Ray, 2018; Yanez-Sedeno

et al., 2019). Generally, the serum level of cTnI in normal healthy
persons is usually below 0.2 ngmL−1. The concentration of cTnI is
higher than 2.0 ngmL−1, implying a direct damage of the myocardium
(Szunerits et al., 2019). Therefore, cTnI has been acknowledged an
ideal biomarker of myocardial cell damage for AMI diagnosis with high
precision and accuracy (Chekin et al., 2018).

Recently, various methods have been reported for detecting cTnI,
such as enzyme-linked immunosorbent assay (ELISA) (Bodor et al.,
1992), fluorescence (Lou et al., 2018), electrochemical (EC) (Lv et al.,
2019; Zhang et al., 2018), electrochemiluminescence (Wang et al.,
2019; Yang et al., 2018b; Ye et al., 2019) and photoelectrochemical
(Chi et al., 2019; Fan et al., 2018; Gao et al., 2019) immunoassay.
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Compared with other methods, EC immunoassays take the advantages
of miniaturization ability, short reading time, and requiring a small
amount of sample. Despite the well acceptance of the immunoassay in
clinical settings for cardiac biomarkers, these antibody-based im-
munosensors suffer from several limitations such as low stability at high
temperatures and high cost for the production. Recently, aptamer-based
EC biosensor has attracted special focus in the AMI analysis field (Lopa
et al., 2019; Negahdary et al., 2017; Qiao et al., 2018; Sun et al., 2019).
Compared to protein antibodies, aptamers are single-stranded oligo-
nucleotides and represent a novel approach to detect biomarkers due to
the superior characteristics of high stability, low cost and small size.
Aptamers are also recognized as ‘‘chemical antibodies’’ that recognize
their targets with high affinity and selectivity. For example, two kinds
of aptamers (Tro4 and Tro6) have been selected as the excellent choice
for the cTnI capture (Table S1) (Jo et al., 2015).

Because of the flexibility of single-stranded DNA, aptamer probes
are easy to nonspecifically aggregate and entangle on the surface,
which largely impede accessibility of the target (Pei et al., 2014). In
order to solve the problems, DNA nanotetrahedron (NTH) has been
introduced as an important biomolecular scaffold in the EC biosensor
(Sun et al., 2018, 2019). DNA NTH is an artificial self-assembled na-
nostructure by exploiting the precise base-pairing ability of nucleic
acids. Compared with single-stranded DNA probe, DNA NTH probe
shows excellent specific orientation, structural stability and mechanical
rigidity due to the pyramid-like organizational formation with four
triangle faces and six edges (Wang et al., 2012; Yang et al., 2018a).
Herein, DNA NTH can be coupled with aptamer capture probes for
enhancing cTnI recognition to design the novel aptasensor.

Compared with the sandwich-type method with probe labeling, the
use of NTH structure only requires a label-free method and the detec-
tion sensitivity may not meet the requirement of clinical sample ana-
lysis for cTnI. For the sandwich-type EC biosensor, a commonly used
method for signal amplification is to design signaling nanoprobes by
immobilizing enzymes (e.g., natural peroxidase and glucose oxidase)
onto nanomaterials for improving the detection sensitivity via enzy-
matic processes (Lahcen and Amine, 2019; Sun et al., 2016; Zheng
et al., 2014). G-quadruplex/hemin DNAzymes (GHD), a complex be-
tween a single-stranded guanine-rich nucleic acid and hemin, have been
actively exploited as horseradish peroxidase (HRP)-like catalysts for EC
aptasensing (Sun et al., 2015; Xu et al., 2015). Compared with natural
enzymes, artificial DNAzymes have the striking merits of simple
synthesis, cost-effectiveness, and easy modification (Tang et al., 2012).
By using combination of natural HRP and DNAzymes is a good choice
for improving detection sensitivity.

Nanomaterials are not only useful to load enzymes with high sur-
face, but also possess enzyme-mimicking properties for signal amplifi-
cation (Farzin et al., 2018). Recently, nanozymes, nanomaterial with
enzyme-like properties, have known as a new kind of enzymes due to its
outstanding advantages of robustness, mass production and low cost
(Wei and Wang, 2013; Wu et al., 2019). To date, a large amount of
nanomaterials have been demonstrated to possess the HRP-like prop-
erties, ranging from metals and metal oxides to metal organic frame-
works. For instance, magnetic iron oxide (Fe3O4) nanoparticles (NPs)
and core-shell bimetallic NPs possess an intrinsic enzyme-mimicking
activity similar to that of natural HRP (Yuan et al., 2017; Zhang et al.,
2015). Therefore, by the combination of Fe3O4 nanozymes (Zheng
et al., 2014) and Au@Pt NPs nanozymes (Wu et al., 2016), the hybrid
nanoelectrocatalysts (nanozymes) can be used as a promising nano-
carrier to load HRP and DNAzyme for sensitive aptasensing.

In this work, we designed an EC dual-aptamer biosensor for cTnI
analysis by using the DNA NTH-based Tro4 aptamer probes and mul-
tifunctional nanoprobes for signal amplification. First, the thiolated
NTH-Tro4 capture probes were attached to the screen-printed gold
electrode (SPGE) surface via thiol−gold interactions. It can provide a
solution-native-like recognition interface for the greatly enhanced re-
cognition of cTnI. Then, the multifunctional nanoprobes were

fabricated by using the Tro6 aptamer, HRP and HRP-mimicking GHD
immobilized on the surfaces of hybrid Fe3O4/Au@Pt nanozymes. The
cTnI can be recognized to fabricate an NTH-Tro4/cTnI/nanoprobes
sandwich structure on a SPGE surface. The integration of hybrid na-
nozymes, HRP and DNAzyme has greatly improved the detection sen-
sitivity of the EC aptasensing system. The combined utilization of NTH-
Tro4 aptamer probes and Fe3O4/Au@Pt-HRP-DNAzyme-Tro6 hybrid
nanoprobes can significantly enhance the specific recognition and the
detection sensitivity for cTnI. Finally, the EC dual-aptamer-based bio-
sensor was successfully explored for ultrasensitive and selective de-
termination of the AMI marker cTnI.

2. Experimental section

2.1. Reagents and apparatus

Recombinant human cardiac troponin I (cTnI, NO. RPA478Hu01),
recombinant human myoglobin (MYO, NO. RPA480Hu01), re-
combinant human hyaluronan synthase 1 (HAS1, NO. RPC520Hu01),
bovine serum albumin (BSA) and ELISA kit for cTnI (NO. SEA478Hu)
were all purchased from Cloud-clone Co., Ltd. (Wuhan, China).
Recombinant human epidermal growth factor receptor 2 (HER2, NO.
ab182691) was obtained from Abcam Co., Ltd (Cambridge, USA). All
oligonucleotides were synthesized and purified by Invitrogen Biotech.
Co., Ltd. (Shanghai, China). The sequences were showed in Table S2.

EC impedance spectroscopy (EIS), cyclic voltammetry (CV), and
differential pulse voltammetry (DPV) were carried out by using a
RST5100F workstation (Suzhou Risetest Instrument Co., Ltd., Suzhou,
China). The EC detection was performed on disposable SPGE with 4mm
diameter working area (DropSens, LIanera, Spain) or glassy carbon
electrode (GCE) with 3mm diameter working area (Gaossunion
Technology Co., Ltd., Wuhan, China). Other detailed chemicals and
apparatus are provided in the Supplementary material.

2.2. Fabrication of hybrid nanoprobes

According to the reported methods, poly(diallyldimethylammonium
chloride) modified Fe3O4 (Fe3O4/PDDA), Au@Pt NPs and Fe3O4/
PDDA/Au@Pt nanomaterials were prepared. Detailed steps are pro-
vided in the Supplemental material. The pH value of the colloidal
suspension of Fe3O4/PDDA/Au@Pt NPs was adjusted to 9.0. In the pH
9.0 solution, the fabricated Fe3O4/PDDA/Au@Pt NPs had a good dis-
persion. Then 50 μL of HRP (1mgmL−1) and 50 μL of thiolated DNA
probe (5 μM) was added to the dispersion, and the mixture was stirred
mechanically overnight at 4 °C. HRP can be immobilized onto the
Fe3O4/PDDA/Au@Pt NPs via metal−thiol interactions due to the pre-
sence of cysteine residues in HRP. In the presence of K+, the G-rich
DNA folded into the G-quadruplex structure, and then hemin can bind
to the G-quadruplex structure for forming HRP–mimicking GHD.
Subsequently, hemin (0.1 mg) was added into the phosphate buffered
saline (PBS, 100mM, pH 7.0, K+) at 4 °C for 2 h to form GHD. The
reaction mixture was washed with PBS solution for several times.
Finally, the obtained Fe3O4/PDDA/Au@Pt–HRP–GHD–Tro6 nanop-
robes were redispersed in 10mM PBS solution and stored at 4 °C for
further use.

2.3. Fabrication of the EC aptasensor

Before the assembly of NTH, the monomers (A, B, C and D) were
pretreated with 10mM tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) for 2 h to cleave the disulfide linkage. The DNAs were mixed
equivalently in TM buffer (10mM Tris-HCl, 50mM Mg2+, pH 8.0),
heated at 95 °C for 10min, and rapidly cooled at 4 °C for 10min. The
formation of DNA nanostructures can be analyzed using 3% agarose gel
electrophoresis.

The SPGEs were ultrasonic cleaned in ethanol and ultrapure water
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for 2 times, respectively. Then the bare SPGE surface was electro-
chemically cleaned in 0.5 M H2SO4 scanning between −0.2 and 1.5 V
until a stable CV was obtained. 10 μL of 1.25 μM NTH-Tro4 capture
probe was dropped on the SPGE surface for 4 h. The DNA modified
SPGE was washed with ultrapure water to remove the unbound ap-
tamer probe. Then 10 μL of 1mM 6-mercapto-1-hexanol (MCH) was
dropped onto the SPGE surface to block the blank sites for 1 h at room
temperature. Unbound MCH was thoroughly washed away with PBS
solution.

The modified electrode was incubated with 100 μL of cTnI with
different concentrations at 37 °C for 60min for capturing cTnI specifi-
cally. The cTnI-captured electrode was washed with PBS solution
carefully to remove the non-captured cTnI. Afterward, 10 μL of hybrid
nanoprobes were dropped and incubated at 37 °C for 60min to form
sandwich-type aptasensor and washed thoroughly with 10mM PBS to
remove nonspecifically bound conjugates. The prepared electrode was
immersed in degassed PBS (pH 7.0, 100mM) containing 3mM hydro-
quinone (HQ) and 2mM H2O2 and reacted for 5 min. The DPV mea-
surements was performed with potential ranging from +0.1 to −0.3 V,
a pulse amplitude of 50 mV and a pulse time of 50 ms.

3. Results and discussion

3.1. Principle of the EC aptasensor

In this work, the hybrid electrocatalysts were fabricated via a layer-
by-layer assembly process. Fe3O4 NPs possess an intrinsic enzyme-like
catalytic activity similar to that of natural HRP. PDDA was performed
for fabricating the shell over the Fe3O4 NPs to form Fe3O4/PDDA beads.
In addition, Au@Pt bimetallic NPs were also synthesized and both
Fe3O4 NPs and Au@Pt NPs exhibit the HRP-mimicking activities toward
H2O2 reduction with large surface area. The Au@Pt NPs were attached
to the surface of the Fe3O4/PDDA NPs for forming Fe3O4/PDDA/Au@Pt
nanozymes based on the electrostatic interactions. The hybrid nano-
materials (nanozymes) were utilized as nanocarriers to load thiolated
DNA probe and HRP for fabricating signal nanoprobes. Furthermore,
the thiolated capture probes consist of the sequences of Tro6 aptamer
and G-quadruplex. With the aid of hemin and K+, the HRP-mimicking
GHD can be formed. As a result, the designed nanoprobes are capable of
amplifying the EC signal with the integration of hybrid nanozymes,
natural HRP and artificial DNAzyme, and capturing the target cTnI with
the Tro6 aptamer.

As shown in Scheme 1, the NTH-based Tro4 aptamer probe was
attached on the SPGE surface to efficiently recognize the target cTnI
with optimized interface density and steady support. After the target
cTnI was captured, the hybrid nanoprobes (Fe3O4/PDDA/Au@
Pt–HRP–DNAzyme–Tro6) were assembled to fabricate a NTH-Tro4/
cTnI/nanoprobes sandwich-like structure. After the modified electrode
was immersed in the detection solution, the HQ can be oxidized to
benzoquinone (BQ) with H2O2 in the enzymatic reaction, which was
catalyzed by numerous HRP, HRP-like nanozymes and DNAzymes. Fi-
nally, the BQ can be reduced back to HQ by receiving electrons from the
electrode. Such co-catalysis can greatly improve the sensitivity of the
proposed EC aptasensor. The process is shown as below

H2O2 + H2Q → Q + 2H2O

Q + 2H+ + 2e− → H2Q

where H2Q is HQ and Q is BQ (Chen et al., 2014; Liu et al., 2012). The
EC signal was related to the amount of hybrid nanoprobes on the
electrode interface, further related to the concentration of cTnI.

3.2. Characterization of the nanomaterials

Ultraviolet visible (UV–Vis), transmission electron microscopy
(TEM), scanning electron microscopy (SEM) and fourier transform

infra-red (FT-IR) analysis were utilized to characterize Au@Pt NPs and
Fe3O4 NPs. As shown in Fig. S1A, the AuNPs exhibited a strong loca-
lized surface plasmon resonance (LSPR) peak at 520 nm. However, the
LSPR peak of Au@Pt NPs is blue-shifted to 508 nm. According to the
previous studies, the blue-shift is attributed to the existence of Pt shells
on the AuNPs. As we can see from Fig. 1A and B, the synthesized Au@Pt
NPs had good dispersion and uniform particle size with 13.5 nm. These
results indicated the successful synthesis of Au@Pt NPs.

As can be seen from the FT-IR spectra of Fe3O4 NPs in Fig. S1B, the
absorption peak at 575 cm−1 is assigned to the Fe–O stretching vibra-
tions in iron oxide. The observed bands at 1621 and 1410 cm−1 cor-
respond to the symmetric C–O stretching and the asymmetric stretching
of COO−, respectively. The absorption peak appearing at 3407 cm−1 is
associated with vibrations of OH of the absorbed water molecules. The
results of Fig. 1C and D confirm that the synthesized Fe3O4 NPs were
spherical and the diameter of Fe3O4 NPs is a narrow particle size dis-
tribution with 105 nm. These results demonstrated that the Fe3O4 NPs
were synthesized successfully.

The surfaces of the Fe3O4 NPs were negatively charged at neutral pH
with carboxyl groups. The adsorption of positively charged PDDA on
colloidal Fe3O4 NPs switched the ζ potential to a positive value. Au@Pt
NPs with negatively charged interfaces can be attached electrostatically
to the surface of the Fe3O4/PDDA NPs (Fig. S2). As shown by the SEM
image in Fig. 1E, a monolayer of Au@Pt NPs was covered on the Fe3O4/
PDDA bead to form a core-satellite nanostructure. At the same time, the
energy dispersive spectroscopy (EDS) line scanning data and elemental
mapping analysis revealed that the elements of Fe, O, Au and Pt were
indispensable for the hybrid nanomaterials (Figs. S3 and S4). As ex-
hibited in Fig. 1F, the Fe3O4/PDDA/Au@Pt nanocomposites exhibited a
slightly larger size than that of the Fe3O4 NPs. Hence, the results in-
dicated that the Fe3O4/PDDA/Au@Pt electrocatalysts had been suc-
cessfully synthesized.

In addition, the HRP-mimicking catalytic properties of Fe3O4/
PDDA/Au@Pt NPs were also verified. Fig. S5 compared the typical CVs
of the bare GCE and nanocomposites modified GCE for H2O2 reduction
in N2-saturated 100mM PBS containing 10mM H2O2. As judged from
the onset potential and measured current for H2O2 reduction, the peak
current of GCE/Fe3O4/PDDA/Au@Pt (curve c) showed much higher
than that of the GCE (curve a) and GCE/Fe3O4 (curve b). It proved that
Fe3O4/PDDA/Au@Pt NPs can efficiently catalyze the EC reduction of
H2O2 with HRP-like activity.

3.3. Characterization of the NTH-based aptamer probe

Tro4 and Tro6 aptamer (Table S1 and Fig. S6) were selected to
capture the target cTnI. As shown in Fig. S7A, DNA NTH structure,
assembled from four single-stranded DNA with ordered probe ar-
rangement and distribution, can be utilized to increase the target ac-
cessibility and further improve detection performance. With thiol
groups at three vertices and the fourth vertex containing exposed Tro4
aptamer probe, the thiol-modified NTH can be firmly anchored on the
SPGE interface uniformly by the strong interaction between Au and
thiol. Briefly, Tro4 aptamers are built into one of the NTH sequences
(D), and the other three DNA with thiol groups (A, B and C) can be
anchored on the gold electrode.

DNA NTH structure was demonstrated by the agarose gel electro-
phoretic (Fig. S7B). The NTH-Tro4 (lane 4) migrated more slowly than
combinations constructed of fewer than four single-stranded sequences
(lane 1, lane 2 and lane 3). As the rapid and specific DNA hybridization
ensuring the high yield of NTHs, the only major clear band can be
observed on the gel. Therefore, the results indicated the NTH-Tro4
aptamer probes ha been successfully fabricated.

3.4. EC characterization of the EC aptasensor

EIS is a label-free and direct detection method to quantify the target
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molecules and to measure interfacial molecular interactions. EIS was
performed to understand the characterization of this aptasensor
(Fig. 2). In the Nyquist plot, the semicircle diameter of the EIS is pro-
portional to the charge-transfer resistance of the electrode interface. For
the bare SPGE, the Nyquist plot included no semicircle domain (curve
a). When the SPGE was modified by the NTH-based Tro4 aptamer, a
small semicircle was observed (curve b), suggesting the electron
transfer was blocked by the nonconductive DNA. With further the
modification of MCH, the electron-transfer resistance on the SPGE
surface increased (curve c). When the target cTnI was captured by the
aptamer probe modified SPGE, a larger increase of the semicircle dia-
meter can be seen due to the difficulty of charge transfer (curve d).
These results indicated that the NTH-Tro4 aptamer can specifically
recognize cTnI and successful assembled process occurred on the SPGE

surface step by step.
DPV was utilized to demonstrate the signal amplification strategy of

the EC aptasensor. As depicted in Fig. 3A, when the SPGE/NTH-Tro4/
MCH/cTnI/Fe3O4/PDDA/Au@Pt-Tro6 was immersed in the PBS buffer
with 2mM H2O2 and 3mM HQ, a weak DPV reduction peak appeared,
which was ascribed to the BQ generated by the catalysis of Fe3O4/
PDDA/Au@Pt hybrid nanozymes. Compared with the peak current of
the Fe3O4/PDDA/Au@Pt-Tro6 signaling nanoprobes (curve a), the
Fe3O4/PDDA/Au@Pt-HRP-Tro6 nanoprobes with the natural HRP and
hybrid nanozymes catalyzed oxidation of the HQ with H2O2 and am-
plified the EC signals obviously (curve b). As can be seen from Fig. 3B,
when the SPGE/NTH-Tro4/MCH without target cTnI was immersed in
the PBS buffer with 2mM H2O2 and 3mM HQ, a very tiny EC responses
can be observed for cTnI detection (curve d). However, the peak current

Scheme 1. Schematic illustration of the assembly process of the Fe3O4/PDDA/Au@Pt-HRP-DNAzyme-Tro6 signaling nanoprobes and the construction process of the
EC aptasensor for cTnI detection.

Fig. 1. TEM image of the Au@Pt NPs (A). SEM images of Fe3O4 NPs (C) and Fe3O4/PDDA/Au@Pt NPs (E). Size distribution of Au@Pt NPs with average diameters of
13.5 nm (B), Fe3O4 NPs with average diameters of 104 nm (D) and Fe3O4/PDDA/Au@Pt NPs with average diameters of 158 nm (F).
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increased sharply after incubation of the SPGE/NTH-Tro4/MCH in
Fe3O4/PDDA/Au@Pt-HRP-GHD-Tro6 nanoprobes without target cTnI
(curve e). A small amount of nanoprobes can be absorbed on the
modified SPGE electrode. For the SPGE/NTH-Tro4/MCH/cTnI/Fe3O4/
PDDA/Au@Pt-HRP-GHD-Tro6, the largest peak current can be ob-
served due to the co-catalysis of hybrid nanozyme, natural HRP and
DNAzyme (curve c). These results demonstrated that the hybrid na-
noprobes can largely enhance the DPV signal and improve the detection
sensitivity by efficiently capturing cTnI and catalyzing the HQ with
H2O2.

The effects of the incubation time of cTnI and nanoprobes on the EC
responses were investigated to optimize the analytical performance of
the aptasensor. The cTnI solution (10 ngmL−1) was dropped onto the
SPGE and incubated for different times (30, 40, 50, 60, and 70min). In
Fig. S8, the DPV current signal increased along increasing the incuba-
tion time. However, the maximum signal was achieved at 60min.
Hence, 60min was used as the optimal incubation time for cTnI and
nanoprobes in subsequent experiments.

3.5. Performance of the EC aptasensor

Different concentrations of the cTnI were detected under the

optimum conditions. Fig. S9A showed that the DPV peak currents in-
creased with the increase of cTnI concentrations based on the Fe3O4/
PDDA/Au@Pt-HRP-Tro6 signaling nanoprobes. DPV response (I) was
linearly related to the logarithm of cTnI concentration (CcTnI) with a
linear range of 0.01–100 ngmL−1. As depicted in Fig. S9B, the linear
regression equation is I (μA) = 14.88 + 4.59 lgCcTnI (ng mL−1) with a
correlation coefficient of 0.997 (standard deviations of slope and y-in-
tercept were 0.18 and 0.30). The limit of detection (defined as
LOD=3σ/m, where σ is the standard deviation of the blank and m is
the slope of the corresponding calibration curve) is calculated to be
8.8 pgmL−1 for cTnI.

Moreover, Fig. 4A showed the DPV peak current responses with the
increase of cTnI concentrations from 0.01 to 100 ngmL−1 based on the
co-catalysis of hybrid nanozyme, natural HRP and artificial DNAzyme.
As shown in Fig. 4B, the linear regression equation is I
(μA) = 22.14 + 7.82 lgCcTnI (ng mL−1) with a correlation coefficient of
0.996 (standard deviations of slope and y-intercept were 0.35 and
0.57). The estimated LOD is 7.5 pgmL−1 for cTnI based on the 3σ
method. It is obvious that the LOD of EC aptasensor exhibited lower
than that of the previous method based on the co-catalysis of hybrid
nanozyme and natural HRP. In addition, compared with the most of the
previously reported aptamer-based methods and ELISA kit (Table S3),

Fig. 2. EIS of (a) bare SPGE, (b) SPGE/NTH-Tro4, (c) SPGE/NTH-Tro4/MCH, and (d) SPGE/NTH-Tro4/MCH/cTnI in 0.5M KCl solution containing 5mM [Fe
(CN)6]4-/3- (impedance spectral frequency 0.1–105 Hz, amplitude 10mV, cTnI concentration 10 ngmL−1).

Fig. 3. (A) DPV responses of the SPGE/NTH-
Tro4/MCH/cTnI with Fe3O4/PDDA/Au@Pt-
Tro6 nanoprobes (a), Fe3O4/PDDA/Au@Pt-
HRP-Tro6 nanoprobes (b), and Fe3O4/PDDA/
Au@Pt-HRP- GHD-Tro6 nanoprobes (c). (B) DPV
responses of the SPGE/NTH-Tro4/MCH (the
background DPV, the modified electrode
without target cTnI, curve d), blank signal (the
modified electrode after incubation in Fe3O4/
PDDA/Au@Pt-HRP-GHD-Tro6 nanoprobes
without target cTnI, curve e), and the SPGE/
NTH-Tro4/MCH/cTnI/Fe3O4/PDDA/Au@Pt-
HRP-GHD-Tro6 (c). The DPV measurements
were performed in the 100mM PBS (pH 7.0)
solution with 3mM HQ and 2mM H2O2 (am-
plitude 50mV, incubation time 60min, cTnI
concentration 10 ngmL−1).
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the proposed EC aptasensor exhibited a wider detection range and
lower LOD for cTnI.

Then, the reproducibility of the EC aptasensor was evaluated with
the data from five independent EC measurements. When the con-
centration of cTnI was 10 ng/mL, the EC aptasensor performed a re-
lative standard deviation (RSD) value of 5.3%. The result demonstrated
that the repeatability and precision of the established EC methods were
acceptable.

To prove the selectivity of the aptasensor, some interfering proteins,
such as BSA, HAS1, HER2 and MYO, were introduced. The concentra-
tion of cTnI was chosen as 0.1 ngmL−1 and the concentration of the
interfering proteins were chosen as 10 ngmL−1. As shown in Fig. 5A
and B, the introduction of BSA, HAS1, HER2, MYO had a negligible
effect on the EC signal, while the DPV responses were increased ob-
viously for cTnI and the mixture of cTnI and nonspecific proteins. The
cTnI had a similar DPV response with the mixture of cTnI and non-
specific proteins. These results illustrated the EC aptasensor possessed
excellent selectivity toward cTnI detection.

3.6. Determination of cTnI in human serum sample

Recovery experiments were performed for investigating the prac-
ticability of the proposed EC aptasensor. Different concentrations of
cTnI were spiked in 5% real human serum with 10mM PBS solution.
The prepared sample solution was incubated with the proposed apta-
sensor to test the EC signal. As shown in Table S4, the EC aptasensor
showed great performance with the recovery values of 97–105.3% and
the RSD values of 4.5%–5.2%.

The practical application of the EC aptasensor was further in-
vestigated by detecting cTnI in the human serum samples of patients. As
shown in Table S5, the concentrations of cTnI in the diluted serum

sample obtained with this aptasensor were consistent with those de-
termined by ELISA kit. All these results indicated that the proposed EC
aptasensor can detect cTnI in human serum samples with high accu-
racy.

4. Conclusions

In conclusion, an ultrasensitive EC dual-aptamer-based biosensor
was designed for the determination of cTnI on the basis of three-di-
mensional DNA NTH structure and multifunctional hybrid nanoprobes.
NTH-Tro4 capture probes can improve the enhanced capture of cTnI
with optimized interface density and steady support. Furthermore, with
the help of hybrid nanozymes, HRP and HRP-mimicking DNAzyme, the
fabricated aptasensor showed a wide linear concentration range
(10 pgmL−1 to 100 ngmL−1) and a low LOD (7.5 pgmL−1) for cTnI.
The EC aptasensor has great potential in the clinic disease diagnostics
for AMI with good sensitivity, selectivity and reproducibility. However,
one of the challenges for the EC aptasensing of cTnI concerns sensitive
recording in complex media other than human serum such as sweat or
saliva where lower detection limits are required.
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Fig. 4. (A) DPV responses to different con-
centrations of target cTnI (a–f: 0.01 ngmL−1,
0.1 ngmL−1, 1 ngmL−1, 10 ngmL−1,
50 ngmL−1 and 100 ngmL−1) based on the
Fe3O4/PDDA/Au@Pt-HRP-GHD-Tro6 signaling
nanoprobes. (B) Variation of the peak current as
a function of cTnI concentration (the allometric
model: I (μA)= 18.26 CcTnI

0.17). Inset: the linear
relationship of currents versus the logarithm of
cTnI concentration in the range from
0.01 ngmL−1 to 100 ngmL−1.

Fig. 5. DPV responses (A) and the corresponding histogram (B) to different proteins, including BSA (10 ngmL−1), HAS1 (10 ngmL−1), HER2 (10 ngmL−1), MYO
(10 ngmL−1), cTnI (0.1 ngmL−1), and the mixture (containing all the proteins) (incubation time 60min).
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