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A B S T R A C T

The accurate detection of biomarkers for acute myocardial infarction (AMI) plays an important role in clinical
diagnosis and management process. In this work, we developed an electrochemical biosensor by using magnetic
metal organic framework (MMOF) nanocatalysts and DNA nanotetrahedron (NTH) based dual-aptamer probes
for nonenzymatic detection of cardiac troponin I (cTnI), a gold standard biomarker for the early diagnosis of
AMI. Firstly, the NTH-assisted dual-aptamer (Tro4 and Tro6) capture probes were immobilized on the screen-
printed gold electrode (SPGE) for the highly enhanced capture the target cTnI with steady support and optimized
interface density. Then, the MMOF Fe3O4@UiO-66 nanozymes were decorated by bimetallic Cu@Au nano-
particles and two kinds of aptamer. This fabricated nonenzymatic nanoprobe1 (NP1) can be applied for re-
cognizing the cTnI specifically and amplifying the current signal by catalyzing the oxidation of hydroquinone
(HQ) to benzoquinone (BQ) with H2O2. The target proteins were captured to fabricate a supersandwich-like
structure on a SPGE interface. Furthermore, the nanoprobe2 (NP2) of Cu@Au nanozymes labeled with dual-
complementary DNA (cDNA) to the dual-aptamer, were anchored on the NP1 through DNA hybridization,
leading to the formation of cluster-based nanoprobes for further enhancing detection sensitivity. Finally, this
enzyme-free electrochemical aptasensor exhibited great analytical performance with a dynamic range of
0.05–100 ng/mL, a low detection limit of 16 pg/mL, high selectivity and good repeatability. The fabricated
aptasensor has great potential development in the field of clinic disease diagnostics for AMI.

1. Introduction

Cardiovascular disease has turned into a severe public health pro-
blem worldwide, especially acute myocardial infarction (AMI) is a
leading clinical disease and would cause serious damage in the myo-
cardium (Smith and Gerszten, 2017). Following the myocardial da-
mage, the individual proteins of troponin complex are released into the
bloodstream within 90min to 3 h upon symptom onset of AMI
(Nandhikonda and Heagy, 2011). Early diagnosis of AMI play a vital
role in clinical research for persons at high cardiovascular risk. Cardiac
biomarkers can improve identification of high-risk patients for AMI

events. A variety of cardiac biomarkers, including creatine kinase-MB
(CK-MB), cardiac troponin T (cTnT), cardiac troponin I (cTnI) and
myoglobin (MYO), can be employed to diagnose an AMI (Abdorahim
et al., 2016; Nezami et al., 2018; Rezaei et al., 2016). Among various
biomarkers, cTnI is regarded as the “gold standard” marker for AMI
(Kemp et al., 2004; Takeda et al., 2003). Patients with a clear positive
test for AMI have serum levels of cTnI as high as 5–50 ng/mL. There-
fore, numerous studies have been performed to obtain reliable and
sensitivity diagnostic tools for cTnI detection (Han et al., 2016).

Various developed methods, such as electrochemistry immunoassay
(Akter et al., 2017; Dhawan et al., 2018; Yan et al., 2018; Zhang et al.,
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2018a), photoelectrochemical immunoassay (Fan et al., 2018; Tan
et al., 2017), electrochemiluminescence immunoassay (Yang et al.,
2018b; Zhang et al., 2017), fluorescence immunoassay (Liu et al.,
2018a) and enzyme-linked immunosorbent assay (ELISA), were utilized
for the determination of cTnI. Compared with other approaches, elec-
trochemical immunoassay has attracted particular attention due to its
properties of portable, sensitive, and rapid response. However, these
antibody based methods have several limitations such as the difficulty
for the chemical modification, high cost for the production, and low
stability at high temperatures. Recently, electrochemical aptamer-based
biosensor has been established for cTnI research as they offer many
advantages to overcome the limitations of antibodies (Chekin et al.,
2018; Negahdary et al., 2017; Qiao et al., 2018). Aptamers are single-
stranded RNA or DNA oligonucleotides that can specifically and effi-
ciently bind to a series of proteins and cells. For instance, Ban's group
has demonstrated that Tro4 and Tro6 aptamer can be used for re-
cognizing cTnI selectively (Jo et al., 2015, 2017). Compared with an-
tibodies, aptamers have been widely performed in the biosensor fields
with high affinity, good stability, small size, and flexible modification.
Hence, dual-aptamer as recognition molecule on the electrode interface
can increase the recognition efficiency and target accessibility for cTnI
analysis.

However, single-stranded DNA aptamer is easy to nonspecifically
absorb and aggregate on the electrode interface, impeding the effective
binding of aptamers to target proteins. Framework nucleic acids espe-
cially DNA nanotetrahedron (NTH) structure with well-defined and
highly rigid architectures can ensure the precise orientation and density
of the aptamer on the sensing interface (Goodman et al., 2005). DNA
NTH structure is assembled from four single-stranded nucleic acids and
can be firmly attached on the electrode surface uniformly. The relative
far vertical space between aptamer and electrode can provide a solu-
tion-native-like recognition microenvironment and suppress the en-
tangling of aptamer recognition probes. Because of the superior prop-
erties of NTH-based electrode surface, it has been used for sensitive and
selective detection of protein, exosome and cell (Lin et al., 2016; Sun
et al., 2018a, 2018b; Yang et al., 2018a). Herein, NTH-based dual-ap-
tamer capture probe on the electrode surface can greatly increase the
target protein accessibility and recognition efficiency, and further im-
prove detection sensitivity of aptasensor for cTnI detection.

Only with the DNA NTH structure, the detection sensitivity for cTnI
may not meet the requirement of clinical sample assay. For electro-
chemical aptasensing, the detection sensitivity can be improved with
specifically designed nanoprobes. The common signal amplification
method is to immobilize natural enzymes onto nanomaterials for en-
hancing the detection sensitivity through enzymatic electrochemical
processes (Sun et al., 2016; Zheng et al., 2014). However, the native
conformations of enzymes can be easily disrupted by changes of pH and
temperature, leading to the loss of catalytic activities. In addition, the
preparation and storage of nature enzymes are expensive and time-
consuming. Hence, it is urgently desirable to design robust none-
nzymatic nanocatalysts with high electrocatalytic activities for elec-
trochemical biosensor.

Recently, nanozymes, a term defined for nanomaterial with enzyme-
mimicking properties, have emerged as a new kind of artificial enzymes
due to its striking merits of low cost, robustness and ease of mass
production (Liu et al., 2018b; Wei and Wang, 2013). In 2007, it was
discovered that magnetic iron oxide (Fe3O4) nanoparticles possess an
intrinsic enzyme-like activity similar to that of natural horseradish
peroxidase (HRP) (Zheng et al., 2014). To date, a large amount of na-
nomaterials have been demonstrated to possess the HRP-mimicking
properties, ranging from metals and metal oxides to metal organic
frameworks (MOFs) (Wang et al., 2018; Zhang et al., 2018b). For in-
stance, noble metal-related nanomaterials (Au, Pt and Pd) have ex-
tensive applications owing to the great catalytic ability and high ratio
surface area. Especially, core-shell bimetallic nanoparticles have
showed outstanding catalytic property over the corresponding

monometallic nanomaterials (Sun et al., 2016). In addition, MOFs, an
emerging class of porous crystalline material, have received increasing
attention owing to unique properties of permanent porosity, tunable
pore sizes and high interface area. Furthermore, MOFs coupled with
other nanomaterials has become a hot pursuit (Song et al., 2017; Zhao
et al., 2016). This is because the novel hybrid nanomaterials readily
inherit the advantages of both parent materials, significantly boosting
their applications. Therefore, by the combination of magnetic metal
organic framework (MMOF) nanocomposites and core-shell bimetallic
nanoparticles, the nanohybrid electrocatalysts can be performed as the
nanocarriers to immobilize aptamer for amplifying electrochemical
signals. Compared with Fe3O4 magnetic nanoparticles, the nanoelec-
trocatalysts exhibited outstanding catalytic performance since the
MOFs and bimetallic nanoparticles can greatly improve the catalytic
activity of Fe3O4 nanoparticles (Ma et al., 2018).

In this work, an enzyme-free electrochemical biosensor was pro-
posed for cTnI detection based on NTH-based dual-aptamer as capture
probe and hybrid nanoelectrocatalysts as signal amplification probe.
Firstly, the self-assembled NTH-based Tro4 and Tro6 aptamer probes
were conjugated on a screen-printed gold electrode (SPGE) interface
through gold−thiol interactions for the greatly enhanced recognition of
cTnI. Then, the nonenzymatic nanoprobe1 (NP1) was fabricated
through the two kinds of aptamer immobilized on the surfaces of bi-
metallic Cu@Au nanoparticles modified MMOF Fe3O4@UiO-66
(Fe3O4@UiO-66/Cu@Au). The target cTnI were captured to fabricate
an NTH-dual-aptamer/cTnI/NP1 supersandwich-like structure on a
SPGE interface. Furthermore, the nanoprobe2 (NP2) of Cu@Au nano-
particles labeled with two types of complementary DNA (cDNA) to the
dual-aptamer, were immobilized on the NP1 via the DNA hybridization,
leading to the formation of cluster-based nanoprobes. The cluster-based
nanoprobes can be applied to catalyze the oxidation of hydroquinone
(HQ) for amplifying the electrochemical signal and improving the de-
tection sensitivity significantly. As a result, the aptasensor exhibited
outstanding sensitivity and selectivity for cTnI, showing great potential
applications in the clinic diagnosis.

2. Experimental section

2.1. Materials and apparatus

All oligonucleotides were synthesized and purified by Invitrogen
Biotech. Co., Ltd. (Shanghai China). The sequences were showed in
Table S1. Recombinant cardiac troponin I (cTnI), recombinant myo-
globin (MYO), bovine serum albumin (BSA) and ELISA kit for cTnI were
purchased from Cloud-clone Co., Ltd. (Wuhan, China). Other detailed
chemicals and apparatus are provided in the Supplementary material.

2.2. Synthesis of hybrid nanoprobes

According to the reported methods, Fe3O4@UiO-66/Cu@Au nano-
materials were prepared. Detailed steps are provided in the
Supplemental material. Firstly, the synthesized Fe3O4@UiO-66/Cu@Au
nanocomposites (1mg) were dispersed in 1mL phosphate buffered
saline (PBS) solution. Then, 25 μL Tro4 aptamer (5 μM) and 25 μL Tro6
aptamer (5 μM) were added to the solution and reacted for 24 h at 4 °C
under stirring. Subsequently, BSA (1%, w/v) was added to block the
interface of the nanoparticles and the product was washed with PBS
buffer for several times. Lastly, the synthesized Fe3O4@UiO-66/
Cu@Au-Tro4-Tro6-BSA hybrid NP1 were stored in PBS solution (pH
7.4, 10mM) at 4 °C for further use. Based on the same condition, the
synthesized Cu@Au-cDNA1-cDNA2-BSA hybrid NP2 were fabricated
and stored in PBS solution (pH 7.4, 10mM) at 4 °C.

2.3. Construction of the NTH-based aptasensing interface

Before the assembly of NTH, the monomers (a, b, c, d1-Tro4 and d2-
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Tro6) were treated with 10mM TCEP for 2 h to cleave the disulfide
linkage. Then the DNAs were mixed equivalently in TM buffer, heated
at 95 °C for 10min, and rapidly cooled at 4 °C for 10min. The formation
of two types of NTHs including NTH-Tro4 and NTH-Tro6 were analyzed
with agarose gel electrophoresis.

In order to construct the aptasensing interface, 10 μL of 1.25 μM
NTH-based dual-aptamer probe, which was prepared by mixing NTH-
Tro4 and NTH-Tro6 in equal proportions, was dropped on the interface
of SPGE and incubated at 4 °C overnight. The electrode was washed
with ultrapure water gently to remove the unbound NTH. Then 10 μL of
1mM 6-mercapto-1-hexanol (MCH) was added onto the SPGE interface
to block the blank sites at room temperature for 2 h.

2.4. Electrochemical measurement

After being rinsed with ultrapure water, the modified electrode was
incubated with 100 μL of cTnI with different concentrations for
60min at 37 °C to recognize cTnI specifically. The cTnI-captured elec-
trode was rinsed with PBS solution carefully to remove the dissociative
cTnI. Afterward, 10 μL of NP1 was dropped and incubated for 60min at
37 °C to form supersandwich-type aptasensor. Then the electrode was
washed with PBS solution lightly for removing nonspecifically bound
NP1. 10 μL of NP2 was dropped on the SPGE surface and incubated for
30min at 37 °C to form the cluster-based nanoprobes via the hy-
bridization of aptamer and cDNA. The differential pulse voltammetry
(DPV) measurements was performed in degassed PBS (pH 7.0, 100mM)
containing 3mM HQ and 2mM H2O2 with potential ranging from 0.1 to
−0.3 V and a pulse amplitude of 50mV.

3. Results and discussion

3.1. Principle of the electrochemical aptasensor

The design principle of the nonenzymatic electrochemical apta-
sensor is exhibited in Scheme 1. In this paper, a designed nanohybrid
electrocatalyst were fabricated through a layer-by-layer (LBL) assembly
process. UiO-66, one class of Zr(IV)-based MOFs, is constructed with
zirconium ions and terephthalic acid and has attracted great attention
due to the chemical and solvent stability. Furthermore, UiO-66 was
selected for fabricating the shell over the Fe3O4 nanoparticles to form
novel MMOF Fe3O4@UiO-66. In addition, a kind of bimetallic copper-

gold (Cu@Au) nanoparticle was also synthesized. Both MMOF Fe3O4@
UiO-66 nanocomposites and bimetallic Cu@Au nanoparticles exhibit
the HRP-like activities toward the small dye molecules with high spe-
cific surface area (Ye et al., 2015; Zhao et al., 2016). The hybrid
Fe3O4@UiO-66/Cu@Au nanomaterials exhibited outstanding catalytic
performance since the UiO-66 and Cu@Au nanoparticles can greatly
improve the catalytic activity of Fe3O4 nanoparticle. And the hybrid
nanomaterials were employed as nanocarriers to load two kinds of
aptamer. As a result, the designed nanoprobes are capable of amplifying
the electrochemical signal and capturing the target cTnI.

As shown in Scheme 1, the NTH-based dual-aptamer probe was
conjugated on the SPGE interface for highly enhanced capture the
target cTnI with steady support and optimized interface density. After
the target cTnI were captured, the Fe3O4@UiO-66/Cu@Au-Tro4-Tro6-
BSA hybrid NP1 were assembled to form the supersandwich-like ar-
chitecture. Furthermore, the Cu@Au-cDNA1-cDNA2-BSA hybrid NP2
were immobilized on the NP1 through DNA hybridization of aptamer
and cDNA, leading to the formation of cluster-based nanoprobes to
further enhanced signal response. The signal amplification strategy of
the nonenzymatic electrochemical aptasensor was depended on the
electrochemical reduction of benzoquinone (BQ) from the oxidation of
HQ with H2O2, which was catalyzed by numerous HRP-mimicking
Fe3O4@UiO-66 and Cu@Au nanozymes of the cluster-based nanop-
robes. The peak current was related to the amount of nanoprobes on the
electrode surface. The process is shown as below

H2O2 + H2Q → Q + 2H2O

Q + 2H+ + 2e− → H2Q

where H2Q is hydroquinone and Q is benzoquinone.

3.2. Characterization of the nanomaterials

The nanohybrid electrocatalysts were prepared through a LBL as-
sembly process, as schematically illustrated in Fig. 1A. Based on the
amino groups and electrostatic attraction, the surface of the Fe3O4@
UiO-66 nanocomposites can be decorated with Cu@Au nanoparticles.
Firstly, Fe3O4 magnetic nanoparticles were synthesized with a hydro-
thermal method. The transmission electron microscopy (TEM) and
scanning electron microscope (SEM) images of Fe3O4 nanoparticles
were shown in Fig. 1B and C. The as-synthesized Fe3O4 nanoparticles

Scheme 1. Schematic illustration of the assembly process of the nonenzymatic nanoprobes and the electrochemical aptasensor for the capture and detection of cTnI.
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were spherical with a diameter about 90 nm. Then the Fe3O4@UiO-66
nanocomposites were synthesized by an in situ self-assembly of UiO-66
on the surface of Fe3O4 nanoparticles to obtain the core-shell agent.
TEM and SEM analysis in Fig. S1 show that the as-prepared UiO-66
nanomaterials are nanocrystals with sharp hexagonal facets.

The morphology and structure of Fe3O4@UiO-66 nanocomposites
were examined using TEM, SEM, energy dispersive spectroscopy (EDS),
Fourier transform infra-red (FT-IR) and X-ray diffraction (XRD), re-
spectively. As can be seen from the TEM image of Fe3O4@UiO-66
(Fig. 1D), an obvious difference between the core and shell was ob-
served wherein the Fe3O4 core appeared dark, whereas the UiO-66 shell
appeared bright. Compared with the SEM images between Fe3O4 na-
noparticles and Fe3O4@UiO-66 nanocomposites, the morphology of
Fe3O4 nanoparticles become irregular and angular after being covered
with UiO-66 shell (Fig. 1E). Moreover, the elemental mapping analysis
and EDS line reveal that the Zr and Fe elements were distributed in the
shell and core, respectively (Figs. S2A and B).

The FT-IR spectra of Fe3O4 and Fe3O4@UiO-66 are presented in Fig.
S2C. The results shows that the characteristic peaks of UiO-66 at
1564 cm−1, 1430 cm−1, and 1386 cm−1 and Fe3O4 at 1633 cm−1 and
565 cm−1 in the FT-IR spectrum of Fe3O4@UiO-66. The peak at
3378 cm−1 in the spectrum of Fe3O4@UiO-66 belonged to the sym-
metric stretching absorptions of the primary amine groups in the
NH2–H2BDC ligands, which further verified the successful growth of the
UiO-66 shell on the Fe3O4 core. These results indicated the successful
formation of the Fe3O4@UiO-66 composites. The compositions and
crystallinities of the synthesized nanomaterials were investigated using

XRD. As exhibited in Fig. S2D, the simultaneous existence of the
characteristic peaks of Fe3O4 and UiO-66 in the XRD pattern of Fe3O4@
UiO-66 indicated the successful formation of a UiO-66 shell on the in-
terface of Fe3O4 nanoparticles without altering their crystallinity. All
the results demonstrated the UiO-66 shell was successfully grew on the
interface of the Fe3O4 nanoparticles.

The synthesis and morphology of Fe3O4@UiO-66/Cu@Au nano-
composites were confirmed by SEM and EDS. Cu@Au nanoparticles
were prepared through the reduction of CuSO4 and HAuCl4 in the
presence of NaBH4 and sodium citrate. Fig. 1F shows the TEM image of
the Cu@Au nanoparticles and the results revealed that the as-prepared
nanoparticles were nonspherical and interconnected in shape with an
average size of 10 nm. The SEM image of Fe3O4@UiO-66/Cu@Au na-
noparticles were shown in Fig. 1G. As we can see, a large amount of
Cu@Au were successfully connected on the interface of Fe3O4@UiO-66.
At the same time, the EDS line scanning data and elemental mapping
analysis reveal that the elements of Fe, O, Zr, Cu and Au were indis-
pensable for the hybrid nanomaterials (Fig. 1H and Fig. S3). Mean-
while, the adsorption of positively charged UiO-66 on colloidal Fe3O4

beads switched the ζ potential to a positive value. Cu@Au nanoparticles
with negatively charged interfaces were subsequently attached elec-
trostatically to the interface of the Fe3O4@UiO-66 nanocomposites (Fig.
S4). Therefore, there results demonstrated that the nanohybrid Fe3O4@
UiO-66/Cu@Au electrocatalysts had been successfully synthesized.

Fig. 1. (A) Schematic illustration of the fabrication of Fe3O4@UiO-66/Cu@Au hybrid nanomaterials. SEM images of (B) Fe3O4 nanoparticles, (D) Fe3O4@UiO-66
nanocomposites and (F) Cu@Au nanoparticles. TEM images of (C) Fe3O4 nanoparticles, (E) Fe3O4@UiO-66 nanocomposites and (G) Fe3O4@UiO-66/Cu@Au na-
nocomposites. (H) EDS line image of Fe3O4@UiO-66/Cu@Au nanocomposites.
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3.3. Characterization of the NTH-based aptamer probe

The Tro4 and Tro6 aptamer (Fig. S5) were selected for capturing the
target cTnI (Jo et al., 2015). As shown in Fig. 2A, DNA NTH structures,
self-assembled from four single-stranded nucleic acids, were performed
to enhance capture efficiency and detection performance. With the
vertex containing exposed aptamer probe and thiol groups at three
vertices, the NTH can be firmly attached on the SPGE surface uniformly.
Briefly, Tro4 and Tro6 aptamers are built into one of the NTH sequences
(d1-Tro4 and d2-Tro6), and the other three (a, b and c) end with thiol
groups were conjugated to the electrode through gold−thiol interac-
tions.

The agarose gel electrophoretic result was shown in Fig. 2B to de-
monstrate the DNA NTH structure. The NTH-Tro4 (lane 4) and NTH-
Tro6 (lane 5) 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 demonstrated that our NTH-based aptamer probes have been
successfully formed and can be further performed in the following ex-
periments.

3.4. Electrochemical characterization of the proposed aptasensor

DPV characterization was utilized to demonstrate the signal am-
plification strategy of the electrochemical aptasensor. Fig. S6A shows
the DPV curves of the aptasensor in the absence and presence of HQ or
H2O2. No obvious electrochemical signal can be observed for the NP1/
cTnI/MCH/NTH-Tro4+Tro6/SPGE in a PBS solution (curve a). How-
ever, a small peak can be observed related to the reduction of BQ in a
PBS solution containing only 3 mM HQ (curve b). When the modified
electrode was immersed in the PBS solution containing 3 mM HQ and
2 mM H2O2, the peak current increased sharply (curve c), indicating
that hybrid nanoprobes in a supersandwich structure exhibits its out-
standing HRP-mimicking catalytic activity.

Furthermore, both Tro4 and Tro6 aptamers can be utilized re-
cognition probe for cTnI. Different ratios of the TNH-based Tro4 and
Tro6 aptamers were evaluated for cTnI detection. As shown in Fig. 3A,
DPV peak current can be observed for the Fe3O4@UiO-66/Cu@Au-
Tro6-BSA/cTnI/MCH/NTH-Tro6/SPGE (curve a) and Fe3O4@UiO-66/
Cu@Au-Tro4-BSA/cTnI/MCH/NTH-Tro4/SPGE (curve b) in the detec-
tion solution containing 3mM HQ and 2mM H2O2. However, a more
obvious electrochemical peak current can be observed with the NTH-
based dual-aptamer capture probes and dual-aptamer modified signal
nanoprobes (NP1, curve c). It can be ascribed to combination of Tro4
and Tro6 aptamer can largely improve the capture efficiency and the
detection sensitivity.

In addition, as exhibited in Fig. 3B, DPV peak current can be ob-
served for the NP1/cTnI/MCH/NTH-Tro4+Tro6/SPGE (curve a) in the
detection solution. However, larger increase of DPV peak current was
observed through the formation of the cluster-based nanoprobes with
the cDNA-based NP2 (curve b). Due to the DNA hybridization and LBL
assembly method, a large amount of HRP-mimicking nanomaterials can
be attached onto the cluster-based nanoprobes for amplifying the sig-
nals significantly. Meanwhile, electrochemical impedance spectroscopy
(EIS) were performed to understand the electrochemical characteriza-
tion of this aptasensor. A detailed description can be found in the
Supplementary material and Fig. S6B.

3.5. Performance of the proposed aptasensor

The selectivity and sensitivity is an important criterion in the early
clinical diagnosis. To evaluate the specificity of the developed apta-
sensor, different proteins including BSA, MPT64, MYO, and cTnI were
tested in this work. The corresponding results are given in Fig. 4A and
B. Compared with the blank control, no obvious electrochemical signal
can be observed for the separate additions of proteins with the same
concentration except for cTnI. These results indicated the selectivity of
the aptasensor was acceptable for the detection of cTnI.

As shown in Fig. S7, the regression equation of ELISA method for
cTnI is A = 0.3105 + 0.0019CcTnI (pg/mL), with a linear range of
31.2–1000 pg/mL and correlation coefficient of R2= 0.998. The de-
tection limit is calculated as 10 pg/mL. The proposed aptasensor with
different concentrations of cTnI was carried out under the optimal
conditions (detailed description in the Supplementary material and Fig.
S8). As the concentrations of cTnI increased, the peak current increased
gradually. The increasing amount of the cTnI can result in the corre-
sponding increase of binding of nanoprobes onto the electrode surface.
Fig. 4C showed the typical DPV current responses with increasing cTnI
concentrations from 0.05 ng/mL to 100 ng/mL. There is a good linear
correlation between the logarithm values of cTnI concentration (CcTnI)
and the DPV current value. As depicted in Fig. 4D, the linear equation is
I (μA) = 4.483 + 0.936lgCcTnI (ng/mL) (R2= 0.991) with a linear
range of 0.05–100 ng/mL. And the detection limit is calculated to be
16 pg/mL for cTnI based on the 3σ method.

This detection limit of nonenzymatic electrochemical aptasensor
exhibited lower than those of other previous reported methods based on
electrochemical aptasensor and ELISA (Table 1). The reasons why the
aptasensor has the excellent analytical performance are as follows:
Firstly, the NTH-assisted dual-aptamer probes were immobilized on the
SPGE for highly enhanced capture the target cTnI. Then the nanohybrid
Fe3O4@UiO-66/Cu@Au electrocatalysts with multiple HRP-mimic ac-
tivities were introduced to be nanocarriers for amplifying the signal
significantly. Lastly, with the assistance of cDNA-based NP2 and DNA

Fig. 2. (A) Schematic illustration of the aptamer-containing NTH structures from four single-stranded DNA sequences. (B) Agarose gel electrophoretic analysis of the
gradual formation of NTHs. Lane 1: a; Lane 2: a + b; Lane 3: a + b + c; Lane 4: a + b + c + d1 (NTH-Tro4); Lane 5: a + b + c + d2 (NTH-Tro6); Lane 6: DNA
marker.
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hybridization, the cluster-based nanoprobes were fabricated to further
enhance the signal response.

According to the data from three independent electrochemical
measurements, the detection precision was assessed with the relative
standard deviations (RSD). When the concentration of cTnI was 50 ng/
mL, the electrochemical aptasensor performed a RSD value of 4.3%.
The result indicated that the established electrochemical method has
excellent repeatability and precision.

3.6. Determination of cTnI in human serum sample

In order to investigate the practicality of the electrochemical apta-
sensor, the recoveries of different concentrations of cTnI in 100-fold-
diluted human serum samples were measured by standard addition
method. The prepared sample solution was incubated with the apta-
sensing interface to test the DPV signal. As shown in Table S2, the re-
covery of the aptasensor was in the range of 96.2%–102.0% and the

Fig. 3. (A) DPV responses of the (a) Fe3O4@UiO-66/Cu@Au-Tro6-BSA/cTnI/MCH/NTH-Tro6/SPGE, (b) Fe3O4@UiO-66/Cu@Au-Tro4-BSA/cTnI/MCH/NTH-Tro4/
SPGE, and (c) NP1/cTnI/MCH/NTH-Tro4+Tro6/SPGE in the PBS solution (100 mM, pH 7.0) with 3 mM HQ and 2 mM H2O2. (B) DPV responses of the (a) NP1/cTnI/
MCH/NTH-Tro4+Tro6/SPGE and (b) NP1+NP2/cTnI/MCH/NTH-Tro4+Tro6/SPGE in the PBS solution (100 mM, pH 7.0) with 3 mM HQ and 2 mM H2O2.

Fig. 4. (A) DPV responses and (B) the corresponding histogram obtained with various types of proteins with the same concentration (50 ng/mL). (C) DPV responses
and (D) the logarithmic calibration curve of the aptasensor for the detection of cTnI with different concentrations (a–f: 0, 0.05 ng/mL, 0.5 ng/mL, 5 ng/mL, 50 ng/mL,
and 100 ng/mL).
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RSD was in the range of 3.8%–5.9%. Furthermore, the practical appli-
cation of the aptasensor was investigated by detecting cTnI in the blood
serum samples of patients. The concentrations of cTnI in the diluted
serum sample obtained with this aptasensor were consistent with those
determined by the ELISA, as shown in Table S3. Hence, the aptasensor
can effectively detect cTnI in human serum samples, proving that the
developed method provides a potential clinic diagnostic tool for cTnI.

4. Conclusions

In summary, a novel nonenzymatic electrochemical aptasensor was
designed for highly sensitive and selective detection of cTnI using NTH
assisted dual-aptamer capture probes and cluster-based signal nanop-
robes. With the assistance of DNA NTH structure, dual-aptamer tech-
nology, Fe3O4@UiO-66/Cu@Au hybrid nanozymes and LBL assembly
method, supersandwich-type architectures were established on a SPGE
interface. The enzyme-free aptasensor exhibits a low detection limit of
16 pg/mL, wide linear range, great repeatability and selectivity. In view
of these advantages, this aptasensor will provide a potential application
for cTnI detection in clinical research. Despite the significant develop-
ments in the electrochemical aptasensing of cTnI, there is no ideal de-
vice for clinic application. Future cTnI detection technology can be
directed toward cost efficiency, multi-anlyte detection and shorter
analytical time.
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