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A B S T R A C T   

The accurate assay of cardiac troponin I (cTnI) is very important for acute myocardial infarction (AMI), it also 
can be employed as an effective index for screening serious patients in COVID-19 pandemic before fatal heart 
injury to reduce the mortality. A ratiometric sensing strategy was proposed based on electrochemiluminescent 
(ECL) signal of doxorubicin (Dox)-luminol or the electrochemical (EC) signal of methylene blue (MB) vs. refer-
able EC signal of Dox. The bio-recognitive Tro4-aptamer ensures the high specificity of the sensor by affinity 
binding to catch cTnI, and the tetrahedral DNA (TDs) on Au/Ti3C2-MXene built an excellent sensing matrix. An in 
situ hybrid chain reaction (HCR) amplification greatly improved the sensitivity. The ratiometric sensing re-
sponses ECL Dox-luminol/Current Dox or Current MB/Current Dox linearly regressed to cTnI concentration in the range 
of 0.1 fM-1 pM or 0.1 fM-500 fM with the limit of detection (LOD) as 0.04 fM or 0.1 fM, respectively. Served as 
the reference signal, Current Dox reflected the variation of sensor, it is very effective to ensure the accuracy of 
detection to obviate the false results. The proposed biosensors show good specificity, sensitivity, reproducibility 
and stability, have been applied to determine cTnI in real samples with satisfactory results. They are worth 
looking forward to be used for screening serious patient of COVID-19 to reduce the mortality, especially in 
mobile cabin hospital.   

1. Introduction 

The global pandemic of COVID-19 pneumonia has lasted for more 
than one year (https://www.who.int/emergencies/diseases/novel-cor 
onavirus-2019). According to clinical researches, its high mortality 
directly relates to severe cases such as cardiac complications (Lukas 
et al., 2020; Shirazi et al., 2020). Cardiac troponin I (cTnI, high sensi-
tivity troponin) is acknowledged as the most prominent biomarker for 
heart failure as in acute myocardial infarction (AMI), on account of its 
excellent specificity and sensitivity, also can provide long enough 
diagnostic window for myocardial injury (Han et al., 2016; Yang et al., 
2019), its level in the blood mirrors the degree of myocardial injury, so 
the accuracy and sensitivity of cTnI measurements is of great signifi-
cance for suspected heart patients (Zhu et al., 2019b). With a threshold 
of 0.04 ng/ml, a positive result of the cTnI concentration as 0.1 ng/ml 
clearly relates to microcirculation in acute myocardial infarction 
(Micro-AMI) patients (Fathil et al., 2015) and as high as 5–50 ng/ml for 

large AMI patients (Sun et al., 2019). Early, sensitive and accurate 
detection of AMI biomarkers can reduce mortality assuredly (Ji et al., 
2019). The reports also revealed the cTnI rise in those COVID-19 pa-
tients (Guo et al., 2020; Huang et al., 2020), indicating that this index is 
important to identify severe cases from those mild patients, thus to take 
timely medical measures and therefore to reduce the mortality. 

Until now, lots of researches focused on cTnI detection using 
immunosensors (Dong et al., 2020; Palanisamy et al., 2020; Yan et al., 
2019; Yang et al., 2018; Ye et al., 2019; Zhu et al., 2019b), including 
electrochemiluminescent (ECL) ones and electrochemical (EC) ones 
with high selectivity and sensitivity (Dong et al., 2020; Jin et al., 2018; 
Labib et al., 2016; Li et al., 2018; Yang et al., 2018). However, those 
immunosensors were constructed by physically adsorbed or covalently 
immobilized antibodies on solid electrode surfaces in a random pattern, 
which may lead to in-homogenous distribution and random spatial 
orientation, resulting in a significant loss of antibody activity (Alves 
et al., 2012; Chen et al., 2014; Wang et al., 2017). This may eventually 
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affect the reproducibility and sensitivity of the immunoassays and 
hamper their application. Recently, aptamer-based biosensors (apta-
sensors) have been constructed for cTnI assay as they offer many ad-
vantages to overcome the limitations of antibodies (Kitte et al., 2021; 
Sun et al., 2019). Aptamer is the single stranded DNA (ssDNA) or RNA 
produced in vitro with higher selectivity and affinity for proteid 
biomarker than antibody (Dhara and Mahapatra, 2020; Tao et al., 
2020). 

Herein the density and orientation of bio-recognitive probe on sensor 
surface is a core factor needed to be managed. Tetrahedral DNA (TDs) 
nanostructures, a novel “bottom-up” scaffolding strategy for probe 
loading, can perfectly regulate the density and orientation of probe 
packing. Also it provides the solution-phase-like environment to 
improve the probe-target recognition efficiency by effective elimination 
of nonspecific adsorption of non-targets (Chen et al., 2014, 2019; Huang 
et al., 2018; Pei et al., 2013, 2014). Thus it greatly promotes the 
application of biosensors (Lin et al., 2019; Sun et al., 2019; Zhu et al., 
2019a). 

The sensing signal amplification by natural enzymes-assistant 
(Zhang et al., 2016), nanozymatic ones (Dong et al., 2020; Wang 
et al., 2019; Ye et al., 2019; Zhou et al., 2014), and nucleotide ones 
(Yang et al., 2015; Zhang et al., 2020) are general measures for further 
improving the sensitivity. Among them, rolling circle amplification 
(RCA) (Liang et al., 2016) and hybridization chain reaction (HCR) (Dirks 
and Pierce, 2004; Zhu et al., 2019b) are widely used. Remarkably, HCR 
has been widely employed in bio-analysis (Bi et al., 2017; Li et al., 2018; 
Wei et al., 2018; Yang et al., 2019) as an isothermal enzyme-free 
amplification technique to trigger a tens to hundreds of repeated 
duplication (Zhang et al., 2020). Besides sensitivity and specificity, the 
accuracy is absolutely another important factor of biosensors. The 
ratiometry is relied on the ratio of two different signals rather than a 
single signal for quantitative analysis (Wu et al., 2017), which would 
improve the accuracy and reduce false results. A novel ratiometric 
strategy of ECL to EC was recently developed (Lin et al., 2019; Zhu et al., 
2019a). 

Ti3C2-MXene nanosheets are a novel family of 2D transition-metal 
carbonitride materials and have attracted considerable attention in 
various research fields (Fu et al., 2020; Kang et al., 2021; Wang et al., 
2019; Wu et al., 2020; Zhang et al., 2020), on account of the excellent 
metallic conductivity, catalytic ability, good biocompatibility, hydro-
philicity and high density of several functional groups (-F, –OH, –O) 
(Gao et al., 2017; Rakhi et al., 2015). Moreover, the Ti3C2-MXene 
nanosheets also possess strong reduction ability, making them quite 
popular in constructing Ti3C2-MXene/metal nanoparticle hybrids (Liu 
et al., 2019; Zhang et al., 2020; Zhang bet al., 2016). To date, 
Ti3C2-MXene-based EC, ECL, photoelectrochemical (PEC) and fluores-
cent sensing techniques have already been reported (Fu et al., 2020; Sun 
et al., 2020; Zhang et al., 2018, 2019). Doxorubicin (Dox), as an elec-
troactive indicator, can be intercalated into double-stranded DNA (ds 
DNA) generated in HCR (Li et al., 2016, 2020; Yang et al., 2016), will act 
as a good signaler in this sensing approaching. 

In this work, an elegant sensing strategy was achieved for sensitive 
and accurate assay of cTnI upon ECL/EC or EC/EC ratiometric response. 
By means of bi-function probe (BFP)/Tro4-aptamer/Au@Fe3O4 bio-
coalition, the combination of cTnI with Tro4-aptamer resulted in its 
disintegration to release the BFP, thereafter to hybridize with the cap-
ture probe on TDs/Au/Ti3C2-MXene sensing matrix. While the existence 
of two hairpins, an in situ HCR amplification will be initiated to form a 
double-stranded DNA (dsDNA) concatemer. Using a novel ECL lumino-
phore (Dox-luminol complex, prepared by the cross-linking between 
Dox and luminol), amplified ECL signal is acquired because of their great 
number accommodation in dsDNA concatemer. The dsDNA of TDs could 
serve as the carrier of Dox, generating a stable internal reference EC 
signal to adjust potential variation of the sensor (ECL Dox-luminol/Current 
Dox). Another sensor with EC signal of methylene blue (MB, an electro-
active indicator), enhanced in the presence of cTnI, also presented the 

sensing ability for cTnI (Current MB/Current Dox). 

2. Experimental section 

2.1. 1. Reagents, apparatus and materials preparation 

These contents are described in Supplementary Material (S1–S6). 

2.2. Fabrication of ratiometric aptasensors and the detection of cTnI 

Prior to use, indium tin oxide (ITO) glasses were cleaned according to 
the previous report (Fu et al., 2020). 10 μL of 0.20% APTMS solution was 
then dropped on at 55 ◦C for 4 h to amino-functionalize its surface. After 
dried, 50 μL of AuNPs/Ti3C2-MXene suspension (l.5 mg/ml) was cast on 
this surface and kept at room temperature for 2 h, followed by rinsing 
with water and drying with N2. Then, 10 μL of TDs solution (1 μM) was 
incubated on at 4 ◦C for 12 h (TDs/Au/Ti3C2-MXene/ITO). TDs is 
anchored onto the surface of Au/Ti3C2-MXene/ITO via Au–S bonds from 
thiol groups at three vertices, emerged a pendant single DNA strand on 
last vertex. After that, 10 μL of Dox (2.0 mM) was placed on the sensing 
surface and incubated for 4 h at the room temperature to make them 
embedded into all edges of TDs. 

After to incubate cTnI with BFP/Tro4-aptamer/Au@Fe3O4, equal 
amount of BFP was released. Driven out those magnetic components by 
external magnet, as-prepared TDs/Au/Ti3C2-MXene/ITO was immersed 
in it for 1.5 h at 37 ◦C. After washing, 10 μL of H1+H2 mixture (1 μM) 
was placed on the biosensor for incubation at 37 ◦C for 2.0 h, to fuel the 
HCR. Ultimately, the sensor was immersed in 10 μL of Dox-luminol 
complex as ECL indicators or 10 μL of 5 mM MB as EC indicator for 4 
h at room temperature to adequately embed them into dsDNA. The 
sensing response was tested by ECL with a step voltage set up at − 0.2 V 
for 2.7 s and 1.4 V for 0.3 s in turn in 0.2 M PBS of pH 7.4 containing 14 
mM H2O2, and then immediately performed a negative SWV scan from 
− 0.1 V to − 0.8 V in 0.2 M PBS of pH 7.4 to obtain current signal of Dox, 
thus achieving the ratio of ECL Dox-Luminol/Current Dox as the output 
signal. The ratio of SWV Current MB/Current Dox was determined from 
− 0.1 to − 0.80 V in 0.2 M PBS (pH 7.4). 

3. Results and discussion 

3.1. 1. Principle of the ratiometric aptasensing strategy 

Scheme 1 illustrates the principle and construction of the ratiometric 
aptasensors. These TDs-supported probes greatly improve the target 
accessibility and minimize the non-specific adsorption on the sensor 
surface owing to its spatial structure, functional groups and dsDNA edge. 
A new bifunctional probe (BFP) (sequences in Table S1) was ingeniously 
designed and employed to rise specific hybridization and also to trigger 
HCR. In blank case, beside distinct SWV signal of Dox at − 0.65 V, only 
very weak ECL signal of Dox-luminol or SWV signal of MB around − 0.24 
V were detected. Oppositely, the specific affinity reaction of cTnI with 
Tro4-aptamer liberated equal amount of BFP (as shown in Scheme 1a), 
initiated its hybridization with the capture DNA at vertex of TDs, 
meanwhile another part of BFP triggered the HCR with the coexistence 
of two hairpins (H1 and H2). Hence, the ECL probe (Dox-luminol) or EC 
indicator (MB) will be numerously bond on the long chain dsDNA con-
catemer, thereby generating a conspicuously amplified ECL or EC signal 
directly related to the cTnI concentration (as displayed in Scheme 1b). 
Dox, as an electrochemical indicator, would be intercalated into the 
grooves of the dsDNA on the edges of TDs to form Dox@TDs complex 
during the incubation on biosensor, to offer a stable EC signal as internal 
reference, to calibrate those differences between sensors or changes of 
microenvironment. Thus, the use of the dual-signal ratio of ECL Dox- 

Luminol/Current Dox or Current MB/Current Dox for the quantitative assay of 
the cTnI would be high accurate and reproducible. The successful syn-
thesis of Dox-luminol was characterized by UV–Vis spectrum (see Fig. S1 
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and related discussion). The conjugation of BFP/Tro4-aptamer/ 
Au@Fe3O4 biocoalition and Au@Fe3O4 nanocomposites were charac-
terized by zeta potential, SEM, TEM, FT-IR, UV–Vis and EDS, see the 
details in SM, S4 and S5. 

3.2. 2. Characterization of TDs, HCR and BFP/aptamer composite 

To confirm the successful assembly of TDs (the details of the prep-
aration is presented in SM, S2, and Table S1 listed those sequences) and 
HCR, agarose gel electrophoresis was performed (Liu et al., 2019). As 
illustrated in Fig. 1A, compared with the combinations of three strands 
(lane 6–7) and the single-strand or two strands DNA (lanes 2–5), TDs 
composed of four single strands (lane 8) showed slower mobility, in 
good consistent with its spatial complexity and increased mass (Lu et al., 
2018). The only major clear band can be observed on the gel, suggesting 
its high yielding. The HCR process are initiated by cTnI in the presence 
of H1 and H2 as fuel strands triggered hairpin polymerization. Without 
cTnI, only one band could be found (Fig. 1A, lane 11), means no any 
hybridization happened. By introduction of cTnI, it would replace out 
BFP as the initiator of HCR, several bands were observed when H1 and 
H2 both existed in the solution (lane 12). At last, the HCR process would 
halt once two hairpins were exhausted. Compared to lane 13 and 14, 
lane 15 displayed more slowly migrating rate, indicating the successful 
hybridization of Tro4-aptamer and BFP. 

Transmission electron microscopy (TEM), and atomic force micro-
scopy (AFM) were performed to further character the morphology and 
size of TDs (Lin et al., 2019). As shown in Fig. 1B, the approximate 
diameter (6.50 ± 0.8 nm) of TDs with uniform nanostructure estimated 
by TEM characterization was close to the calculated value (6.12 nm) (Lin 
et al., 2019; Zhu et al., 2019a). The AFM image exhibited TDs nano-
structure (Fig. 1C) and Fig. 1D displayed the height range of TDs from 
4.20 nm to 5.75 nm, close to theoretical value of the height and side 

length of TDs as 5.02 nm and 6.12 nm (Zhu et al., 2019a). All these 
results implied the correct formation of the TDs. 

3.3. 3. Characterization of Ti3C2-MXene nanosheets and Au/Ti3C2- 
MXene nanocomposite 

The successful synthesis of Ti3C2-MXenes was characterized by XRD, 
TEM and AFM. Fig. 2A displays the TEM image of gauzy Ti3C2-MXene 
nanosheets after sonication exfoliating (Fu et al., 2020; Wu et al., 2020). 
The TEM image also clearly shows that the AuNPs with <30 nm of 
diameter were decorated on the Ti3C2-MXene nanosheets (inserted in 
Fig. 2A). The XRD curve in Fig. 2B indicates the disappearance of the 
characteristic peak of Ti3AlC2 (curve a) at 39◦ and the shift of (002) peak 
to lower angle, demonstrating the transformation of Ti3AlC2 to 
Ti3C2-MXene (curve b), in good agreement with a previous report (Liu 
et al., 2019). The morphology and thickness of Ti3C2-MXene nanosheet 
was analyzed by AFM (Fig. 2C and D) as about 2.2 nm, indicating that 
few or single layer Ti3C2-MXene nanosheet was formed by sonication. 
After homogeneous self-reduction of AuCl4− ions, four characteristic 
diffraction peaks of AuNPs appeared on the XRD pattern (Fig. 2B, curve 
c). In addition, compared with the (002) peak intensity of Ti3C2-MXene 
nanosheet, the weak peak of Au/Ti3C2-MXene could be attributed to 
partial oxidation of Ti3C2-MXene nanosheets during the self-reduction 
reaction of AuCl4− ions (Zhang et al., 2020). These results all support 
the successful synthesis of Au/Ti3C2-MXene nanocomposite. 

Raman, infrared, UV–Vis and energy dispersive X-ray (EDS, 
Figs. S5A-S5D) spectra characterized the successful synthesis of Ti3C2- 
MXene nanosheets and the decoration of AuNPs on it. To illuminate the 
self-reduction mechanism of AuCl4- by Ti3C2-MXene, XPS analysis 
(Fig. 2E–H) was performed. The wide peak from 450 to 460 eV in Ti3C2- 
MXene implied the possible existence of low valence Ti species, such as 
Ti2+ at ~454.9 eV (Zou et al., 2016), acted as the origin of Au anion 

Scheme 1. The illustration of (a) the specific target recognition and BFP release, and (b) ratiometric biosensing mechanism for cTnI.  
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reduction. The representative Au 3d5/2 and Au 3d7/2 peaks in the 
Au/Ti3C2-MXene composite located at ~87.3 and ~83.7 eV with the 
binding energy gap of ~3.6 eV, suggesting the successful formation of 
Au (0) (Zhang et al., 2020). The catalytic effect of Ti3C2-MXene nano-
sheet on ECL of luminol was investigated, presenting indeed enhance-
ment (S7 in SM). What’s more, the proposed Ti3C2-MXene and 
Au/Ti3C2-MXene modified GCE displayed excellent electron transfer 
ability (see Fig. S7A). 

3.4. Characterization of the preparation and the feasibility of the 
aptasensors 

In 0.1 M KCl solution containing 5 mM Fe(CN)6
3− /4-, the cyclic vol-

tammetric (CV) curves of different electrodes are recorded (in Fig. 3A). 
A couple of reversible redox peaks around 0.3 V was observed on bare 
ITO (curve a). When APTMS was grafted on it, peak currents decreased 
due to its poor conductivity (curve b). After Au/Ti3C2-MXene nano-
sheets were attached on by Au–N bond, larger peak currents appeared, 
because of the excellent conductivity of AuNPs and Ti3C2-MXene 
nanosheets (curve c). According to Randles-Sevcik equation, the elec-
trochemical active area of Au/Ti3C2-MXene/ITO can be calculated to be 
0.65 cm2 (see detailed discussion in S8, SM). Then, TDs probes were 
assembled on, inducing distinctly decrease in peak current because of 
the electrostatic repulsive interaction toward Fe(CN)6

3− /4- (curve d). 
Here, the quantity of the TDs was measured as 3.72 × 1012 (S9 in SM), 
given enough binding sites for the immobilization of BFP. Finally, along 
with the assembly of BFP and HCR on the electrode surface, the CV peak 
currents successively minimized (curves e-f), indicating the interfacial 
steric hindrance of those macro biomolecules. 

Electrochemical impedance spectroscopy (EIS) is powerful to 

evaluate the electron transfer resistance (Ret) of sensor substrate, 
reflecting the surface alteration. As displayed in Fig. 3B, all of the 
Nyquist plots were fitted to the Randles equivalent circuit (Fig. 3B, 
inset), where Rs, Cd, ZW, Ret express their conventional meaning. 
Compared to small Ret of bare ITO (inset curve a), the coverage of 
APTMS on its surface induced a large Ret due to the formation of this 
insulation layer (curve b). Afterward, the anchored Au/Ti3C2-MXene 
largely decreased the Ret, attributing to its excellent metallic conduc-
tivity and thereby improvement of electron transfer (inset curve c). 
However, the Ret augmented consecutively with the sequential assembly 
of TDs, BFP and HCR (curves d to f), which can be explained by the 
success of progressive assembly of cTnI biosensor, hindering the electron 
transfer with Fe(CN)6

3− /4-, consistent with that observed in CV. 
To further validate the feasibility of the ECL/EC ratiometric strategy, 

the alteration of ECL intensities and SWV signals were recorded in 
conditions of whether is there a target. As displayed in Fig. 3C, in the 
absence of cTnI, occupied by hairpins, little amount of Dox-luminol can 
interact onto sensor surface, giving only weak ECL signal. Thereafter, 
along with the increase of cTnI concentration, the ECL signal was 
significantly enhanced. A significant SWV signal of Dox intercalated in 
TDs at − 0.65 V shows small distinction upon different sensor or 
microenvironment, implying that the EC signal of Dox was uncorrelated 
to the target. Hence, the ratio of ECL Dox-Luminol/Current Dox could 
eliminate the variation of sensors to improve the accuracy of detection. 
The ECL emission of luminol raised at about 1.3 V (Fig. 3C, inset), 
without cross action with the oxidation potential of Dox. So the stable EC 
signal of Dox can be employed as the reference signal. Likewise, the 
feasibility of the EC/EC ratiometric strategy was also confirmed in 
Fig. 3D, similarly, cTnI concentration can be calibrated based on the 
ratio of responses (Current MB/Current Dox). 

Fig. 1. (A) The gel electrophoretic image. 1, 100 bp DNA marker; 2, strand a; 3, strand b; 4, strand ab; 5, strand ad; 6, strand abc; 7, strand abd; 8, strand abcd (TDs); 
9, 25 bp DNA marker; 10, H1; 11, after HCR in the absence of cTnI; 12, after HCR in the presence of cTnI; 13, Tro4-aptamer; 14, BFP; 15, Tro4-aptamer/BFP. (B) The 
TEM image of DNA tetrahedron. (C) The AFM image of TDs. (D) The height profiles of the TDs marked by the arrow in (C). 
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Fig. 2. (A) The TEM image of Ti3C2-MXene (inserted is the TEM image of Au/Ti3C2-MXene). (B) The XRD pattern of Ti3AlC2, Ti3C2-MXene and Au/Ti3C2-MXene. (C) 
The AFM image of Ti3C2-MXene and (D) the thickness of Ti3C2-MXene. (E) The XPS profiles of the Au/Ti3C2-MXene, (F) The elemental valences of Ti in Ti3C2-MXene, 
The elemental valence of (G) Ti and (H) Au in Au/Ti3C2-MXene. 

X. Mi et al.                                                                                                                                                                                                                                       



Biosensors and Bioelectronics 192 (2021) 113482

6

3.5. 5. cTnI aptasensing 

The analytical performances of the proposed ratiometric biosensors 
for cTnI were investigated under the optimal conditions (see S10 in SM): 
0.20% APTMS, 1.5 mg/ml Au/Ti3C2-MXene suspension, 14 mM H2O2, 
240 min for the intercalation of Dox-Luminol or MB respectively. In 
Fig. 4A, as the sensing signal, the ECL intensity of luminol gradually 
increased along with the cTnI concentration from 0.1 fM to 1 pM, while 
internal reference signal of Dox current at about − 0.65 V was stable. A 
good linear correlation between the ratio value (ECL Dox-Luminol/Current 

Dox) as the output vs. the logarithm of cTnI concentration was obtained 
(Fig. 4C): ECL Dox-Luminol/Current Dox (a.u./A) = 2.60 × 103lgC+7.45 ×
103, R2 = 0.991, with a limit of detection (LOD) as 0.04 fM (0.96 fg/ml) 
(S/N = 3). Fig. 4B displays the response of the sensor in EC/EC mode, the 
ratio value (Current MB/Current Dox) linearly depended on the logarithm 
of cTnI concentration within the range of 0.1 fM to 500 fM (Fig. 4C). The 
linear equation is Current MB/Current Dox = 0.427lgC+1.63 (R2 = 0.998, 
with an LOD as 0.1 fM, 2.4 fg/ml, S/N = 3). At the same time, the 
comparison of luminol ECL signal towards TDs-based biosensor and 
ssDNA revealed its better suitability for cTnI assay (shown in Fig. S10, 

Fig. 3. The (A) CV and (B) EIS of (a) ITO, (b) APTMS/ITO, (c) Au/Ti3C2-MXene/ITO, (d) TDs/Au/Ti3C2-MXene/ITO, (e) BFP/TDs/Au/Ti3C2-MXene/ITO and (f) after 
HCR. Inset of B is the Randles equivalent circuit. (C) The ECL/EC signals of biosensor before and after use. Inset of (C) is the potential-intensity curve of luminol ECL. 
(D) The EC signals of MB and Dox in the absence and presence of cTnI. 
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SM). Another control experiment with poly-T strand to work instead of 
aptamer was carried out, it presented a background ECL emission in 
roughly the same as blank aptasensor, but nothing changed anymore in 
sensing process (column “g”, shown in Fig. S10), demonstrates the 
exclusive necessity of Tro4-aptamer for sensor response, verdicting that 
the binding of the Tro4-aptamer with the target triggered the HCR 
amplification process (see detailed discussion in S11, SM). In summary, 
compared to reported bioassays of cTnI (Table S2), these two sensors 
displayed higher sensitivity. 

The specificity of the sensors was evaluated toward cTnI against four 
potential interferences including C-reactive protein (CRP), myoglobin 
(Mb), β-amyloid, and α-syn oligomer. As can be seen from Fig. 4D, for 
beyond 50 multiple higher concentration of those matters than cTnI, 
they do not disturb the detection of cTnI. Using four parallel sensors to 
detect 10 fM cTnI, the relative standard deviation (RSD, i.e. coefficient 

of variation) of the ECL Dox-Luminol/Current Dox and Current MB/Current Dox 
responses are 5.97% and 4.49%, respectively (inset of Fig. 4D). Also the 
stability of the constructed biosensors was assessed by incubation with 
10 fM cTnI under 16 cycles and 5 cycles of consecutive scanning, 
respectively. As displayed in Fig. 4E, the RSD of ECL response (inset of 
Fig. 4E) was 3.27%, and RSD of EC signal was 2.33%, respectively, 
suggesting that the designed biosensors were stable. 

3.6. 6. Real sample analysis 

To evaluate the practicability of the developed biosensors, the cTnI 
content in 3 normal human serum samples (supplied by the Second 
Affiliated Hospital of Soochow University, stored in − 20 ◦C) were tested 
after the dilution of 100 times with 0.2 M PBS (pH 7.4), and also the 
recoveries were tested using standard addition method. As listed in 

Fig. 4. (A) The ECL and SWV curves (inset) upon cTnI concentration. (B) The SWV signals of MB and Dox upon cTnI concentration. (C) The calibration curve of ECL 
Dox-Luminol/Current Dox and Current MB/Current Dox vs. lgCcTnI. (D) The selectivity of ECL/EC and EC/EC ratiometric biosensors (10 fM cTnI vs. 500 fM nontarget 
proteins), the inset is the reproducibility of developed ECL/EC and EC/EC biosensors for 10 fM cTnI with four parallel sensors, Error bar = Standard deviation (SD, n 
= 3). (E) The stability of proposed EC/EC and ECL/EC biosensor (inset) for 10 fM cTnI under 5 cycles or 16 cycles of successive scans. 
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Table 1, the good recoveries (90.6%–99.4%) of ECL/EC sensor and 
(93.3%–101.4%) of EC/EC sensor are achieved. The good recoveries 
suggested that the ratiometric biosensors could work well in complex 
samples. Also other 4 samples from the AMI patient were examined 
parallelly with sensors and ELISA kit (Table 1), got a small error less 
than 6.0%, indicating good accuracy of the proposed biosensors. 

4. Conclusion 

In this research, fascinating ratiometric ECL/EC and EC/EC apta-
sensors were constructed by integrating aptamer-based molecular 
recognition with the ECL or EC signal transduction and dual amplifi-
cation for cTnI detection. As we all know, people with one or more high 
risk factors such as hypertension, hyperlipidemia, thrombus etc, need 
early and regular medical inspection to manage their daily life although 
who has not yet shown any AMI symptoms like pectoralgia; for people 
who have had myocardial infarction, it is indispensable to monitor the 
condition more frequently. While the Electrocardiogram (ECG) is almost 
impossible for home use, the assay of AMI biomarkers as cTnI in pe-
ripheral blood is a more preferable way. Take the lead to design cTnI 
sensor with two-channel signal outputs in this work, more accurate 
detection is expectable with lower-level of false result, because the false 
results in AMI diagnosis is a life-threatening factor. It will help the 
improvement of reliability of clinical assay, thereafter to promote the 
comprehensive benefits of medical therapy. Meanwhile, beside ELISA, 
with higher sensitivity attributed to the ability of multi-amplification in 
this sensor, we path a new way for clinical staffs to get earlier precaution 
of AMI to save more lives, especially in the case of global pandemic of 
COVID-19, which would give hints to deal with the patients to block-up 
the turning from mild to severe. Coupled with portable ECL/EC work-
station (Tan et al., 2021; Tu et al., 2020), the aptasensors are very 
probable to be employed for screening the symptom of heart injury in 
those COVID-19 patients, especially the use in mobile cabin hospital. 
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Quantitative detection of 3 healthy human serum samplesa and 4 patients serum samplesb.  

Sample cTnI found by ECL/EC (fM) cTnI added fM) detected by ECL/EC sensor (fM) recovery (%) detected by EC/EC sensor (fM) recovery (%) 
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Healthy2 0.83 ± 0.01 5.00 5.36 ± 0.07 90.6 5.49 ± 0.16 93.3 
Healthy3 0.65 ± 0.01 7.00 7.20 ± 1.21 93.6 7.30 ± 0.45 95.0 
Sample ELISA (fM) detected by ECL/EC sensor (fM) RSD (%) detected by EC/EC sensor (fM) RSD (%) 

Patient 1 1.25 1.25 ± 0.03 2.76 1.22 ± 0.07 5.32 
Patient 2 15.0 14.7 ± 0.85 5.80 15.2 ± 0.73 4.80 
Patient 3 2.53 × 103 2.42 × 103±83.5 3.45 2.45 × 103±122 5.00 
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a Mean value ± SD of three independent experiments (n = 3), RSD (n = 3). 
b Mean value ± SD of three independent experiments (n = 3), RSD (n = 3). 
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