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Abstract

:

The sensitive quantification of cardiac troponin I (cTnI) and myoglobin (Myo) in blood is essential for an early emergency diagnosis of acute myocardial infarction (AMI). Attributed to AuNPs and a titanium element on the surface of the AuNPs/Ti3C2-MXenes hybrid, each respective aptamer strand can be immobilized on. In this work, a nanohybrid was deposited on amino-functionalized indium tin oxide (ITO) via an Au–N bond; thereafter, it could catch cTnI-specific, thiol-functionalized DNA aptamer through Au–S self-assembly or Myo-aptamer via adsorption and metal chelate interaction between phosphate groups and titanium for specific recognition. Both using [Fe(CN)6]3−/4− as a signaling probe, the differential pulse voltammetric (DPV) current of the cTnI-aptasensor decreased after binding with cTnI, while the other responded to Myo via the impedimetric measurement. These developed biosensors enable the response to the femtogram/mL level cTnI or nanogram/mL level Myo. Remarkably, the proposed aptasensors exhibit high sensitivity and specificity for targets and display great potential for applications in clinic diagnosis.
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1. Introduction


With high fatal risk, acute myocardial infarction (AMI) seriously threatens human lives as one of the most severe cardiovascular emergencies [1,2]. The early diagnosis of AMI based on the detection of cardiac biomarkers in blood is critical to guarantee the patient’s survival. Clinical cardiological studies have revealed that Cardiac Troponin I (cTnI) is a gold standard biomarker due to its high cardiac specificity [3]. Compared to a normal blood level (0 to 0.01 ng/mL), it rose significantly in peripheral blood in 3–4 h after the start of an AMI attack and peaked at 12–14 h. Here, 0.01–0.04 ng/mL indicates minor myocarditis, and over 0.06 ng/mL suggests myocardial necrotic damage [4]. However, one issue is that the cTnI level is usually very low within first 2 h of the onset of symptoms and impedes the early diagnosis of AMI [5]. Recently, the multiplexed cardiac biomarker assay used in the early diagnosis of AMI has been proposed. Myoglobin (Myo) has received much attention because it is quickly released into the blood within 1 h of AMI [6]. Its concentration would drastically increase by up to 600 ng/mL within 4–5 h, while its normal range is 6–100 ng/mL [7]. Therefore, the consolidated assay of cTnI and Myo can promote responsivity in the early diagnosis of AMI [8]. In view of the nanogram-level concentrations of cTnI and Myo in normal blood, the requirement of high sensitivity in the detection of cTnI and Myo seems to be imperative.



The typical clinical practice method for their detection in blood is usually the enzyme-linked immunosorbent assay (ELISA) [1]; however, this method is expensive, laborious, and time-consuming. More methods such as surface-enhanced Raman spectroscopy [9], fluorescence [10], or electrochemistry [8,11] have been developed as alternatives in recent years, including various sensing methods, and electrochemical aptasensors have gained significant attention. The electrochemical techniques possess natural advantages originated from their uniqueness in principle. They generally have high sensitivity, and the response only occurs on the tiny electrode surface; therefore, only a very small sample and reagent consumption is needed, and thus the detection cost is extremely low. Moreover, electrochemical testing only takes a few seconds to some minutes, which is faster than other methods. Based on the high specificity of aptamer, the developed electrochemical sensor is basically free from the interference of coexisting substances, therefore various pretreating procedures can be ignored to directly determine the sample, which greatly simplifies the operation.



Ti3C2-MXene nanosheets have been employed to improve the sensitivity of electrochemical biosensors, using their assimilating metallic conductivity and excellent catalytic ability to amplify the electrical signal [12,13,14,15,16]. Chen et al. found that the immobilized tyrosinase on Ti3C2-MXene nanosheets could support a mediator-free electrochemical biosensor for an ultrasensitive and rapid detection of phenol [17]. Due to abundant transition metal (e.g., titanium) on the basal plane of Ti3C2-MXenes, it provides the opportunity to interact with ssDNA strands via chelation, making it a unique nano-bio-interface for biosensor construction [18]. Li et al. demonstrated that Ti3C2-MXene nanosheets can catch tetrahedral DNA nanostructures (TDNs) onto its surface through the coordination between titanium and phosphate groups of DNA for the highly sensitive detection of gliotoxin [19]. Recently, one report showed a more enhanced electrocatalytic activity of gold decorated Ti3C2-MXene nanosheets (AuNPs/Ti3C2-MXenes) than itself [20]. This hybrid is more likely to be a robust matrix for sensitive electrochemical detection.



The synthesized nanohybrid AuNPs/Ti3C2-MXenes in our previous work exhibits excellent biocompatibility and electrocatalytical activity. The AuNPs are generated in situ via the reduction of HAuCl4 by the reducibility of activated Ti species on the surface of Ti3C2-MXene nanosheets [21]. The anchored AuNPs on the surface of Ti3C2-MXene nanosheets ensure the hybrid with improved conductivity. Moreover, the decoration of AuNPs can act as not only a spacer to prevent the pile-up of Ti3C2-MXene nanosheets from irreversibly restacking, but also as a connector to fix enough cTnI aptamer through the Au–S bond. Meanwhile, there is abundant titanium atoms on the basal plane of Ti3C2-MXene nanosheets which strongly coordinate with phosphate groups of the Myo aptamer. All these components present opportunities to construct biosensors with excellent performance. Based on this, in this work, an ultrasensitive label-free cTnI and Myo aptasensing system is developed using the leveraging of nanohybrids as the matrix for anchoring aptamer strands (Scheme 1). The nanohybrid was deposited on amino-functionalized ITO via an Au–N bond; then, the thiol-functionalized, cTnI-specific aptamer (SH-AptcTnI) was further immobilized through Au–S self-assembly, as illustrated in Scheme 1A. It is found that, after the specific binding of cTnI, the formed sensing interface showed high sensitive response toward the redox of [Fe(CN)6]3−/4− as a probe. Thus, the quantitatively decreased DPV signal is observed due to the protein layer, which inhibited the diffusion of the redox probe. Again, the adsorption of ssDNA strands on Ti3C2-MXene nanosheets endows its bio-affinity toward a DNA aptamer [19,22] to facilitate the development of an electrochemical aptasensor using the aptamer of Myo (AptMyo), as illustrated in Scheme 1B. The impedance of the resultant sensor diminished quickly in the presence of Myo, since the strong affinity of the specifically recognized Myo with an aptamer led to the formation of a rigid structure, resulting in its release from the sensor surface. The change in impedance bears the responsibility of the aptasensor’s response to Myo. This bifunctional label-free electrochemical sensing strategy used in coupling the catalytic activity and physicochemical property of AuNPs/Ti3C2-MXenes with two aptamers offers a new concept for the accurate measurement of dual cardiac biomarkers in clinical diagnosis.




2. Materials and Methods


2.1. Materials


Cardiac troponin I (cTnI) was purchased from Abcam Co., Ltd. (Shanghai, China). Cardiac myoglobin (Myo) was purchased from Nanjing Oukai Biotechnology Co., Ltd. (Nanjing, China). ELISA Kit for cTnI and Myo assays were purchased from Dongshang Co., Ltd. (Shanghai, China). Potassium ferricyanide (K3[Fe(CN)6], 99.5%), potassium ferrocyanide (K4[Fe(CN)6].3H2O, 99.5%), and sodium chloride (NaCl) were purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). BSA was obtained from Shanghai Sangon Biotech Co., Ltd. (Shanghai, China). 6-Mercapto-1-hexanol (MCH) was purchased from Sigma–Aldrich (Shanghai, China). Chloroauric acid (HAuCl4·3H2O) was purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Titanium Carbide (Ti3AlC2, 98%) was purchased from 11 Technology Co., Ltd. (Jilin, China). Human serum samples were collected in Second Affiliated Hospital of Soochow University (Suzhou, China) and stored under −20 °C. All other chemicals and reagents were of analytical grade. Ultrapure water (resistivity ≥18 MΩ cm−2) was obtained from a Milli-Q purification system and used throughout the experiment. All oligonucleotides were synthesized by Shanghai Sangon Biotech. Co., Ltd. (Shanghai, China). The sequences of cTnI and Myo aptamers are as follows:



cTnI:



5′-SH-(CH2)6-CGTGCAGTACGCCAACCTTTCTCATGCGCTGCCCCTCTTA-3′ [23].



Myo:



5′-CCCTCCTTTCCTTCGACGTAGATCTGCTGCGTTGTTCCGA-3′ [22].



0.1 M PBS solution (pH 7.0) was prepared by the mix of stock solutions of 0.1 M Na2HPO4 and 0.1 M NaH2PO4 in a specific proportion. The stock aptamer solution of cTnI or Myo was prepared using the aqua solution containing 10 mM Tris-HCl and 50 mM MgCl2 (pH = 7.4). The immobilization of the aptamer was manipulated afterwards to dilute the stock solution with 0.1 M phosphate-buffered saline (PBS) (pH 7.0).




2.2. Apparatus


All electrochemical experiments were carried out using a conventional three-electrode system with an ITO-based working electrode or sensor, a Pt wire counter electrode, and a saturated calomel electrode (SCE) as a reference electrode. Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and differential pulse voltammetry (DPV) were enforced on an RST-5200 Electrochemical Workstation (Risetest Instruments of Suzhou, Suzhou, China). All the electrochemical tests were carried out in 0.1 M PBS (pH 7.0) containing 5 mM [Fe(CN)6]3−/4− and 0.1 M NaCl. The CV measurements were implemented in a potential range from −0.2 to 0.6 V with a canning rate of 50 mV/s. The DPV measurements were performed in a potential range from −0.3 to 0.7 V under the following conditions: a pulse amplitude of 100 mV, a pulse width of 20 ms, and a sampling width of 10 ms. EIS measurements were performed in the frequency range of 0.1–105 Hz. The atomic force microscopy (AFM) characterization was fulfilled using Dimension Icon Atomic Force Microscopy (Brucker, Germany). Those images were taken in tapping mode using an RTP cantilever (7 nm of tip radius, 2 N/m of elastic coefficient).




2.3. Fabrication of Aptamer/AuNPs/Ti3C2-MXenes Aptasensors


The synthesis of the AuNPs/Ti3C2-MXene hybrid, pretreatment of ITO glass, and the preparation of amino-functionalized ITO (APTMS/ITO) all can refer to our previous paper [20]. For the fabrication of the aptamer/AuNPs/Ti3C2-MXene biosensors, 50 μL of as-prepared AuNPs/Ti3C2-MXene hybrid suspension was dropped onto the surface of the APTMS/ITO electrode and left for 30 min at room temperature, which, when followed by washing with ultrapure water and dried under N2 gas flow, gained a AuNPs/Ti3C2-MXenes/APTMS/ITO electrode. Subsequently, 10 μL of aptamer solution was cast onto it before waiting for 12 h at 4 °C to fix the aptamer (Apt/AuNPs/Ti3C2-MXenes/APTMS/ITO). Thereafter, for the cTnI aptasensor, 10 µL of 10 mM MCH (in 0.1 M PBS, pH 7.0) solution was necessary to treat the sensor for 30 min to block the unoccupied sites and prevent the entanglement of ssDNA aptamers; moreover, for the Myo aptasensor, 10 µL of 3% BSA (in 0.1 M PBS, pH 7.0) solution was placed on the resulting electrode for 30 min to block the unoccupied sites. Lastly, the obtained aptasensors were stored at 4 °C for further use.




2.4. cTnI and Myo Detection


A total of 10 μL of the sample solution was placed onto the aptasensor and incubated at 25 °C for 60 min before being washed with 0.1 M PBS (pH 7.4). Then, the sensor was imbedded into the electrochemical cell for DPV or EIS measurement.





3. Results and Discussion


3.1. Monitoring the Preparation of Aptasensors


The preparation and characterization of the AuNPs/Ti3C2-MXene hybrid, as well as its use to prepare the basal electrode of the aptasensors, have been presented in our previous paper [20]. Here, the interfacial character of the aptasensor in different preparing steps was explored using AFM (Figure 1A). The AFM image of a bare ITO electrode shows a grainy topology (Figure 1Aa) with an average surface roughness (R) of 5.74 nm. Thereafter, it (Figure 1Ab) revealed a smoother surface with a decreased R value of 4.66 nm when the ITO was covered using APTMS. After the AuNPs/Ti3C2-MXene hybrid was deposited on, the surface became much rougher (Figure 1Ac), as indicated by a significantly increased R value of 10.30 nm. The anchoring of the aptamer (as thiol–AptcTnI) induced a larger R value (Figure 1Ad, 15.10 nm), proving that lots of aptamer strands were attached onto the surfaces of the AuNPs/Ti3C2-MXenes through the Au–S bond [24]. As illustrated in Figure 1Ae, after treatment with MCH, the R value increased by up to 23.10 nm, indicating a much rougher morphology, which can be attributed to the fact that MCH would regulate the orientation of the ssDNA aptamer, which tended to arrange them vertically [25]. After this, to incubate the cTnI (Figure 1Af) on a sensor, a smoother morphology than the one displayed in Figure 1Ae, with a decreased R value of 18.70 nm, was observed as a result of the connection of globular and high molecular weight proteins [26]. The alteration of the surface roughness of the electrode during the preparation process indicated the successful construction of the aptasensor.



Moreover, the EIS and CV can reflect the process of sensor preparation. As shown in Figure 1B–E, the electron transfer resistance (Ret, it can be obtained from the equivalent circuit of the semi-circular part of EIS, which represents the impedance of the electrode surface for electron transfer) significantly increased, and the CV current obviously decreased after covering the bare ITO with hydrolyzed APTMS due to its electro-inactive feature [27] (both curves a and b). In contrast, obviously decreased Ret and increased CV currents (both curve c) were witnessed after the decoration of the AuNPs/Ti3C2-MXenes (the microscopic image of TEM is presented in Figure 1D), suggesting better conductivity and a larger specific surface area. Afterwards, the Ret values increased once more when the aptamer (thiol–AptcTnI or AptMyo) was fixed (curve d), or when the CV currents decreased in reverse after the successive linkage of the aptamer (as AptMyo) (curve d). When treating the cTnI sensor with MCH or the Myo sensor with BSA (both curve e), the EIS of the former increased due to the molecular orientation [25], and the latter experienced minor changes; moreover, the CV current of the latter slightly decreased due to the hampered electron transfer [28]. Finally, if the cTnI sensor had been used to detect the target, the readout signal (EIS) would further increase according to the concentration (curve f in Figure 1B); whereas, for the Myo sensor, the EIS decreased (curve f in Figure 1C), and the CV current recovered in degree (curve f in Figure 1E). These results suggest that all components of the aptasensor were successfully integrated and endowed with the desired sensing ability as expected.




3.2. Optimization of the Conditions for Sensor Preparation and Operation


The dosage of the AuNPs/Ti3C2-MXene hybrid significantly influences the performance of the aptasensor [7]. As shown in Figure 2A (black curve), the DPV signal is elevated along with the increasing dosage of the AuNPs/Ti3C2-MXene hybrid, reaching a maximum of 0.25 mg/mL, when then declined if further enlarged. This implies that overdosing the hybrid on the electrode surface would inversely impede the electron transfer, owing to more serious interface resistance [29]. Using EIS, the dosage of the AuNPs/Ti3C2-MXene hybrid can be optimized too, acquired a result of 0.25 mg/mL, which led to a smallest Ret (Figure 2A, blue curve) that was totally identical to the results obtained using DPV.



SH-AptcTnI is used as a recognitive host for cTnI, and its quantitative use also must be optimized to achieve a maximal sensing outcome. As depicted in Figure 2B (black curve), with the same used volume, the minimal DPV peak current of [Fe(CN)6]3−/4− was observed when the concentration of SH-AptcTnI for enabling the sensor was 1.0 μM. This means that this usage quantity is likely to ensure a binding saturation, and we speculate that an excess of SH-AptcTnI is prone to lead to its detachment, eventually being detrimental to the analytical performance of the resulting sensor [30]. Similarly, the most suitable concentration of the AptMyo solution for Myo aptasensor construction was also 1.0 μM (Figure 2B blue curve).



Meanwhile, the incubation time of the target of the corresponding aptasensor is also an important factor when aiming to achieve the best sensing performance. As shown in Figure 2C (black curve), a very significant decrease in DPV value occurs after the loading of the cTnI sample solution within an incubation time of 60 min, suggesting that the binding of cTnI on its aptamer reached a full equilibrium during this period [31]. The results indicate that the longer time negatively affected the performance of the aptasensor. Consistently, the optimal incubation time for the Myo aptasensor is also 60 min (Figure 2C blue curve).




3.3. The Analytical Performance of Prepared Aptasensors


Under the optimal conditions, the analytical performance of the proposed aptasensing strategy was validated by detecting cTnI or Myo.



Figure 3A shows that the DPV current on the prepared AptcTnI sensor gradually decreased along with elevating the cTnI concentration. This is attributed to the insulativity of the formed aptamer–cTnI complex, which obstructed the electron transfer between the electrochemical probe and the AuNPs/Ti3C2-MXene substrate electrode [8]. There was a good linear regression of the DPV peak current upon the logarithm of the cTnI concentration from 0.24 fg/mL to 24 ng/mL, as illustrated in Figure 3B, which perfectly covers the clinically relevant range. The linear regression equation is I = 0.456 − 0.0177logC (fg/mL) (R2 = 0.999), with a limit of detection (LOD) of 0.14 fg/mL (S/N = 3). Visibly, the LOD of the prepared AptcTnI sensor lays well below the normal level of cTnI and can easily identify the myocardial necrotic damage.



Table 1 lists the performance of the proposed aptasensor and offers a comparison between it and other currently available cTnI sensors. The results reveal that the developed aptasensor possesses a higher sensitivity than all other reported ones. This is mainly ascribed to the following aspects: (i) the superior electrochemical activity of the AuNPs/Ti3C2-MXenes greatly promotes the electron transfer and amplifies the response; (ii) the prepared AuNPs/Ti3C2-MXene hybrid has excellent biocompatibility, which can strengthen aptamer anchoring using the Au–S bond; (iii) SH-AptcTnI possesses a highly specific and sensitive recognition toward cTnI.



Surprisingly, after the Myo is specifically recognized by the aptasensor, the Ret value decreased, whereas the CV current increased, respectively (curve f in Figure 1C,E). This suggests that the electron transfer on the sensing interface was recovered. This can only because the peeled off of AptMyo from sensor surface due to the formation of the aptamer–Myo complex. As the result, the sensor can feasibly facilitate the highly sensitive detection capability of Myo because the degree of its output recovery strongly depends on the concentration of the target.



The analysis of Myo was carried out under optimal conditions using the EIS test. Figure 3C shows the EIS responses of aptasensor after being incubated with differently concentrated Myo. It can be observed that the Ret value of the aptasensor is regressively decreased upon increasing Myo concentration. In Figure 3D, a good linear relationship (R2 = 0.999) was obtained between the Ret and the logarithm of the Myo concentration (logCMyo) in a range of 1–72 ng/mL. The linear regression equation is Ret = 446 − 87.6logC (ng/mL) with an LOD of 0.2 ng/mL (S/N = 3), which also lays well below the normal value of Myo in blood. This AptMyo/AuNPs/Ti3C2-MXene-hosted sensor exhibits superior analytical performance compared with other bioassays for Myo, as listed in Table 1. Remarkably, the low LOD of the designed aptasensor highlights the potential role of AuNPs/Ti3C2-MXenes in biosensing territory.




3.4. Specificity, Stability and Reproducibility of the Proposed Aptasensors


A diagnostic biosensor must possess high specificity for a target molecule against other interfering materials. Therefore, the specificity of the AuNPs/Ti3C2-MXene-based aptasensors for detecting their respective target were evaluated in the presence of 100-fold high concentrated inspected materials, including C-reactive protein (CRP), Albumin (Alb) and N-terminal pro-brain nitric peptide (NT-pro-BNP), as well as Myo or cTnI, and their mixture with cTnI or Myo was also examined. Except the corresponding target, the response of the coexistent biomolecules was almost zero, as illustrated in Figure 4A,D. These results indicate the high specificity of both two electrochemical aptasensors, which is apparently from the proper specific aptamer on the modified electrode.



The storage stability of the developed aptasensors was examined by monitoring their response toward cTnI or Myo once per day. The results show that they retained up to 86% to 87% of their initial responses after seven days of use, respectively (Figure 4B,E). The aptasensors showed good reproducibility for 1.76% or 2.68% of RSD for five parallel prepared sensors, respectively, as illustrated in Figure 4C,F. The appreciable stability and reproducibility stem from the effective immobilization efficiency of aptamers on AuNPs/Ti3C2-MXene-modified electrodes through interactions such as the covalent linkage of Au–S and perhaps existing chelation between the Ti of AuNPs/Ti3C2-MXenes and PO43− of the DNA aptamer.




3.5. Detection of cTnI or Myo in Human Serum Sample


To explore the practicability of developed aptasensors, they were used to detect cTnI or Myo in real human serum samples, with the recovery test using a standard addition method (Table 2). Plainly, the recovery of the cTnI aptasensor is in the range of 99.0–106% (RSD in the range of 0.60–1.98%). The recovery for Myo ranges from 92.0% to 108% (RSD in the range of 1.40–5.50%). The results demonstrate that the sensors were feasibly able to determine cTnI or Myo in human serum. The accuracy of the designed aptasensors was also verified by comparing the results with enzyme-linked immunosorbent assay (ELISA). As listed in Table 2, the contents of cTnI and Myo in four human serum samples detected using the proposed sensors were in good agreement with that of the ELISA.





4. Conclusions


The bifunctional and label-free electrochemical aptasensing strategy with AuNPs/Ti3C2-MXenes as substrate has been investigated for the sensitive quantification of the dual biomarkers of AMI disease, cTnI and Myo. The AuNPs/Ti3C2-MXene hybrid not only serves as a matrix to anchor the aptamer, but also provides excellent electroactivity to accelerate the electron transfer to promote the sensing ability of the aptasensors. Both using [Fe(CN)6]4−/3− as redox probe, the cTnI aptasensor shows a high DPV response with a low LOD of 0.14 fg/mL and a wide linear range; meanwhile, the Myo assay is successful from the recovered EIS due to the detachment of the Myo aptamer, which acquired a low LOD of 0.2 ng/mL. Of course, the specificity of the two sensors is also excellent because of the high recognition of the target by the aptamer. Besides the high sensitivity and specificity, what is more meaningful is that the designed aptasensors are label-free ones; thus, they are simpler and quicker in response than that of the ELISA method, which was based on the labeling technique. However, so far, we can only operate on two sensors separately, due to the limitation of the function of the equipment. What we are reporting here is only a phased work, and its purpose is to verify the feasibility of these dual biomarkers’ synchronous detection. As for its application in the real world, it still depends on further development and research. This will not hinder the application of this technology, as long as the equipment is upgraded. According to our study, an array composed of two sensors can feasibly solve the problem of the synchronous detection of two biomarkers in a single operation. Only needs an implemented macro instruction on the instrument to start each sensor in a time-sharing with a jumper circuit which is used to realize the gating of the sensors. Alternatively, the two sensors can be submerged totally with each other, because they adopt a different driving principle and do not interfere with each other. This research suggests that the proposed aptasensing strategy might be a promising platform for the early and accurate screening and diagnosis of AMI in clinical applications.
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Scheme 1. Diagram of the preparation and operation process of aptasensor for dual cardiac biomarkers based on nano-hybrid functionalized substrate electrode. “A” represents the preparation process of the cTnI aptasensor using DPV current output upon scanning potential (V); “B” represents the preparation process of the Myo aptasensor with AC impedance (Z) as output signal. 
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Figure 1. (A) Three-dimensional AFM images and (B) EIS curves of (a) bare ITO, (b) APTMS/ITO, (c) AuNPs/Ti3C2-MXenes/APTMS/ITO, (d) after to catch cTnI aptamer, (e) final cTnI sensor, and (f) responded to cTnI, the inset in (B) shows the enlarged EIS curves (a) and (c); (C,D) EIS curves and (E) CV curves of [Fe(CN)6]3−/4− on (a) bare ITO, (b) APTMS/ITO, (c) AuNPs/Ti3C2-MXenes/APTMS/ITO, (d) after to catch Myo aptamer, (e) final Myo sensor, and (f) responded to Myo, the inset in (D) is the TEM image of AuNPs/Ti3C2-MXenes. 
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Figure 2. The optimization (A) and the content of AuNPs/Ti3C2-MXenes; (B) the concentration of AptcTnI or AptMyo; (C) the time for cTnI or Myo incubation. 
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Figure 3. (A) The DPV responses of AptcTnI sensor for detecting cTnI. (B) The linear relationship between DPV current and the logarithm of cTnI concentration. (C) The EIS responses of AptMyo sensor for detecting Myo. (D) The linear relationship between Ret and the logarithm of Myo concentration. 
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Figure 4. The (A) selectivity (in the presence of 60 pg /mL CRP, Myo, Alb and NT-proBNP), (B) stability and (C) reproducibility of the cTnI aptasensor for cTnI (600 fg/mL) detection, all detected values are presented as blue bars. The (D) selectivity (in the presence of 50 ng/mL CRP, cTnI, Alb and NT-proBNP), (E) stability and (F) reproducibility of the Myo aptasensor for Myo (5 ng/mL) detection, all detected values are presented as red bars. 
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Table 1. Performance comparison of the developed sensor with those in the literature for cTnI and Myo detection.
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Electrode Materials

	
Target

	
Method

	
Detection Range

	
LOD

	
Refs.






	
HsGDY@NDs

	
cTnI

	
EIS

	
0.01 pg/mL–100 ng/mL

	
6.29 fg/mL

	
[8]




	
Fc-SiNP

	
SWV

	
0.024 ng/mL–240 ng/mL

	
24 pg/mL

	
[23]




	
Ti/AuNPs

	
DPV

	
0.024 ng/mL–26.4 ng/mL

	
4.32 pg/mL

	
[32]




	
Fc-COFNs

	
DPV

	
10 fg/mL–10 ng/mL

	
2.6 fg/mL

	
[33]




	
PCN-AuNPs

	
SWV

	
0.1 pg/mL–103 ng/mL

	
0.01 pg/mL

	
[2]




	
Au/Zr–C

	
i-t

	
0.01 pg/mL-100 ng/mL

	
1.24 fg/mL

	
[34]




	
Pt@Pd DNs/NH2-HMCS

	
i-t

	
100 fg/mL–100 ng/mL

	
15.4 fg/mL

	
[35]




	
AuNPs/Ti3C2-MXenes

	
DPV

	
0.24 fg/mL–24 ng/mL

	
0.14 fg/mL

	
This work




	
AuNPs/BNNSs

	
Myo

	
DPV

	
0.1 μg/mL–100 μg/mL

	
34.6 ng/mL

	
[36]




	
DApt-CS conjugate

	
DPV

	
1.67 ng/mL–666.67 ng/mL

	
0.45 ng/mL

	
[37]




	
Poly-o-phenylenediamine

	
DPV

	
10 ng/mL–1780 ng/ml

	
10 ng/mL

	
[38]




	
AuNP-PEI

	
SWV

	
9.96 ng/mL–72.8 ng/mL

	
6.29 ng/mL

	
[39]




	
magnetic beads

	
GMI

	
1 ng/mL–10 ng/mL

	
0.5 ng/mL

	
[40]




	
AuNPs@rGO

	
DPV

	
1 ng/mL–1400 ng/mL

	
0.67 ng/mL

	
[41]




	
AuNPs/Ti3C2-MXenes

	
EIS

	
1 ng/mL–70 ng/mL

	
0.2 ng/mL

	
This work
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Table 2. Quantitative results of cTnI and Myo in human serum samples.
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	Sample
	Found cTnI

(ng/mL)
	Added cTnI (ng/mL)
	Total Detected cTnI

(ng/mL)
	Recovery

(%)
	ELISA (ng/mL)
	RSD (%)



	1
	0.0667 ± 0.0028
	0.01
	0.0773 ± 0.0015
	106
	0.07
	1.98



	2
	0.110 ± 0.007
	0.01
	0.120 ± 0.001
	100
	0.09
	0.61



	3
	0.0121 ± 0.0010
	0.01
	0.0220 ± 0.0020
	99.0
	<0.029
	0.91



	4
	0.0243 ± 0.0021
	0.01
	0.0344 ± 0.0020
	101
	<0.029
	0.60



	Sample
	Found Myo

(ng/mL)
	Added Myo (ng/mL)
	Total Detected Myo

(ng/mL)
	Recovery

(%)
	ELISA (ng/mL)
	RSD (%)



	1
	15.5 ± 0.39
	5.0
	20.7 ± 1.13
	104
	15.7
	5.50



	2
	24.9 ± 0.63
	5.0
	29.5 ± 0.75
	92.0
	25.0
	2.54



	3
	69.6 ± 0.60
	0.5
	70.1 ± 0.98
	100
	70.1
	1.40



	4
	14.1 ± 0.10
	5.0
	19.5 ± 1.06
	108
	14.1
	5.43
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