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In this work, a novel signal amplification strategy was proposed based on nitrogen-doped ordered 

mesoporous carbon (CMK-3) and AuNPs nanocomposites (CMK-3/AuNPs). An immunosensor was 

fabricated to detect the concentration of cTnI in blood. CMK-3/AuNPs nanocomposites were used to 

modify the surface of gold electrode. The immunoreaction between the anti-cTnI and the target cTnI on 

the sensing interface can significantly reduce the electrocatalytic performance of H2O2, thus realizing 

the labeled free sensing analysis of cTnI. In the range of 10 fg/mL ~ 0.1 μg/mL, the catalytic current 

difference (ΔI) has a good linear relationship with the logarithm of cTnI concentration. The detection 

limit can be calculated to be 2.4 fg/mL(S/N=3). Based on the advantages of nanocomposites, the 

immunosensor has the advantages of low cost, fast response, high sensitivity, wide detection range and 

low detection limit. In addition, the immunosensor has good specificity and stability, which can be used 

to distinguish cTnI from other interfering substances. 
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1. INTRODUCTION 

 

Cardiovascular diseases are the world's leading cause of death, accounting for about 31% of total 

deaths. Cardiovascular diseases include angina pectoris, acute myocardial infarction (AMI), unstable 

angina pectoris and heart failure. AMI in particular is considered to be the leading cause of death in 

patients with cardiovascular disease. The window period of thrombolysis and interventional therapy is 

1-3 hours after the onset of AMI, which means that rapid diagnosis of AMI in early stage is the key to 

treatment. Traditional diagnosis of AMI mainly relies on angina symptom, electrocardiogram and 

biomarker detection. Biomarker detection is particularly important in the identification of patients with 
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atypical myocardial infarction. Among many biomarkers, cardiac troponin I (cTnI) is considered as an 

important indicator for early diagnosis of AMI [1–3]. It has high tissue specificity and clinical sensitivity, 

and can even reflect small areas of myocardial ischemia or necrosis [4]. When AMI occurs, serum cTnI 

levels are elevated within 12 h and remain elevated for 5 to 9 days. The concentration of cTnI in healthy 

people is usually less than 0.4 ng/mL, while the concentration higher than 2.0 ng/mL indicate an 

increased risk of serious cardiac events in the future [5,6]. 

At present, many methods have been used to detect the level of cTnI in blood samples, including 

enzyme-linked immunosorbent assay (ELISA), electrochemiluminescence immunoassay (ECL), 

chemiluminescence immunoassay and fluorescence immunoassay [7–11]. However, these methods have 

limitations such as long experimental period, complex experimental operation and low sensitivity. In 

this case, electrochemical immunosensor has attracted considerable attention because of its advantages 

of convenient operation, less sample consumption, fast response speed and low cost [12,13]. Although 

a lot of work has been done to improve the sensitivity of sensors in order to meet the needs of practical 

applications, methods of cTnI concentration detection by electrochemical sensors combined with 

nanomaterials have been reported in some literatures. However, the research in this area needs to be 

further explored [14–16]. Moreover, the synthesis of nanomaterials usually requires several steps or 

relatively harsh conditions, such as high temperature and high pressure. Therefore, in order to make up 

for the deficiency of existing studies, we proposed a new strategy to construct sandwich electrochemical 

immunosensor for cTnI detection [17,18]. 

Good electrical conductivity and large specific surface area contribute to improve the sensitivity 

of immunosensor. Ordered mesoporous carbon (CMK-3) is considered as a promising material because 

of its ordered two-dimensional hexagonal structure, highly active porous specific surface area, good 

electrical conductivity, thermal stability, simple operation and low manufacturing cost [19–22]. It has 

greatly expanded its applications in the fields of chemical catalysis, physical adsorption, chemical 

reactions, energy storage and biosensors [23]. In addition, gold nanoparticles (AuNPs) have good 

biocompatibility, excellent electronic conductivity, and provide sufficient binding sites for capturing 

antibody antibody (Ab1) in the presence of Au-NH2 [24]. In addition, the negatively charged AuNPs can 

be absorbed onto the positively charged CMK-3 surface by electrostatic action [25,26]. Theoretically, 

CMK-3 and AuNPs can be immobilized on the surface of the electrode to improve the specific surface 

area and conductivity of the electrode, and increase the ability to capture the target material, thus 

effectively improving the sensitivity of the immunosensor. Based on the above analysis, this study 

proposed a simple, economical and sensitive electrochemical immunosensor for clinical detection of 

cTnI concentration in blood. 

 

 

 

2. MATERIALS AND METHODS 

Cardiac troponin I (cTnI), capture antibody (Ab1) and detection antibody (Ab2) were purchased 

from Shanghai Qiangyao Biotechnology Co., LTD. Chlorogold acid (HAuCl4·4H2O), bovine serum 

albumin (BSA) and chitosan (CS) were purchased from Sinopharm Chemical Reagents Co., LTD. 

Nitrogen-doped ordered mesoporous carbon (CMK-3) was purchased from Nanjing Pioneer Nano 
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Company. All of the other reagents were of analytical quality and were utilized without any additional 

purification or purifying steps. 

CMK-3 was prepared by reference and were slightly modified during synthesis [27]. Firstly, 100 

mg CS powder was dissolved in 20 mL 1% (V/V) acetic acid solution, and ultrasonic dispersion 

treatment was conducted for 1 h to obtain uniform pale-yellow colloid solution. Then the pH value of 

CS colloid solution was adjusted to 4.0 ~ 4.5 with 1 M NaOH. 1 mg CMK-3 was added to 1 mL CS 

solution and treated with ultrasound for 2 h until the color of the solution became uniform black without 

stratification. Finally, the black homogenous CMK-3 colloid solution was stored at 4℃ for subsequent 

use. 

The synthesis of gold nanoparticles (AuNPs, approx. 15 nm) was prepared by reducing HAuCl4 

with citrate according to previous literature. First, 100 mL 0.01% (w/v) HAuCl4 solution was heated to 

boiling under continuous agitation for approximately 15 min. Then, 1 mL of 2% freshly prepared 

trisodium citrate solution was added to the above solution drop by drop. Then, continue stirring for 

another 15 min and observe that the color of the solution changes from light yellow to wine red. This 

means the formation of AuNPs. Finally, the AuNPs colloidal solution was cooled to room temperature 

and stored at 4℃ in a brown flask (to avoid light-induced aggregation) for subsequent use. 

Polish the gold electrode (GE) with 0.3 and 0.05 µm alumina slurry for at least 3 min. Then, the 

impurities on the surface of the GE were removed by continuous ultrasonic treatment in water, anhydrous 

ethanol for 3 min. The GE was then immersed in a freshly prepared piranha solution (98% H2SO4:30% 

H2O2, 3:1 v) for 5 min and thoroughly rinsed with ultrapure water. 5 μL CMK-3 (1 mg ML-1) were 

added to the polished GE surface and dried at room temperature for 4 h (CMK-3/GE). Then 5 μL AuNPs 

colloidal solution was dropped onto the surface of the modified electrode and dried at room temperature 

for 2 h (AuNPs/CMK-3/GE). AuNPs/CMK-3/GE modified electrode (Anti-cTnI/AuNPs/CMK-3/GE) 

was prepared by dropping 10 μL immunohistochemical PBS solution containing 4 μg/mL anti-cTnI onto 

the AuNPs/CMK-3/GE surface and placing it at 4 ℃ for 3 h. The modified electrode was incubated in 

200 μL 1% BSA solution for 2 h, the remaining active sites on AuNPs/CMK-3 were closed. The surface 

of the electrode was washed with water to prepare a cTnI electrochemical sensor. 

The cTnI electrochemical sensor was immersed in 0.1 M PBS (pH 7.4) with different 

concentrations of cTnI and reacted at room temperature for 50 min. The sensor was removed and rinsed 

with 0.1 M PBS. Chronoamperometric response was performed in 0.1 M PBS (pH 7.0) containing 5 mM 

H2O2, with electric potential of -0.5 V. 0.5 mM [Fe(CN)6]
3-/4- + 0.5 M KCl was used as probe, and cyclic 

voltammetry (CV) and electrochemical impedance (EIS) were used to characterize the electrode. CV 

potential scanning range is -0.2 V to + 0.6 V, the scanning rate is 0.1 V/s. The EIS frequency range is 1 

~ 105 Hz, and the test voltage is 0.211 V. 

 

 

 

3. RESULTS AND DISCUSSION 

The morphology of CMK-3 was studied by scanning electron microscope (SEM). As shown in 

Figure 1A, CMK-3 presents nanorods formed by the gathered rod like matter. The surface is rough and 

porous with good pore size and large pore volume, which can provide a large specific surface area and 
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improve the sensitivity of the sensor [28]. UV-vis was also used to characterize AuNPs synthesis. In 

Figure 1B, an obvious absorption peak was observed at 525 nm, further indicating the successful 

synthesis of AuNPs. 

 

 
 

Figure 1. (A) SEM and (B) UV-vis spectrum of AuNPs/CMK-3. 

 

 

We verified the electrode modification by using CV in PBS containing 5 mM 

K3Fe(CN)6/K4Fe(CN)6 and 0.1M KCl. As shown in Figure 2A, bare GE shows a good reversible redox 

peak, which is attributed to the redox of [Fe (CN)6]
3-/4-, proving that the polished bare GE has good 

electrical conductivity. The obvious increase of current response after CMK-3 deposition on GE is due 

to the increase of effective pore specific surface area and good electrical conductivity of CMK-3 [29]. 

Then, the highest redox peak was obtained by modifying AuNPs on the CMK-3/GE surface, because the 

excellent conductivity of AuNPs can significantly promote the electron transfer process on the modified 

electrode. After Ab1 was incubated on the modified electrode, the redox peak current begins to decrease 

because the bioactive substance blocks the electron transfer efficiency. This proves that Ab1 is 

successfully fixed to the AuNPs/CMK-3/GE surface via the Au-NH2 bond [30]. Subsequently, the redox 

peak decreased again after the non-specific sites were blocked by the introduction of non-electroactive 

substance BSA on the electrode surface [31]. After cTnI incubation with BSA/Ab1/AuNPs/CMK-3/GE, 

the redox peak was further reduced, indicating the specific recognition and binding between Ab1 and 

cTnI. 

In addition, electrical impedance spectroscopy (EIS) was used to verify the successful 

modification of the electrode surface (Figure 2B). The diameter of the semicircle is proportional to the 

charge transfer resistance (Ret) [32]. The small Ret of bare GE indicates that GE has good conductivity. 

When AuNPs and CMK-3 deposited successively on GE surface, the semicircle diameter decreased [33]. 

This indicates that AuNPs and CMK-3 can accelerate electron transfer. However, when Ab1 was 

immobilized on the modified electrode and BSA was added to block the remaining active site, the 

semicircle diameter increased significantly due to non-conductive materials blocking electron transfer, 

which was consistent with CV results. Moreover, in the presence of cTnI [34], Ret increases to a 

maximum. This is consistent with the fact that protein hydrophobic layers isolate conducting carriers 
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[35]. In summary, the CV and EIS results mutually confirm the success of the layered electrode 

assembly. 

 

 

 
Figure 2. (A) CV and (B) EIS of bare GE, CMK-3/GE, AuNPs/CMK-3/GE, Ab1/AuNPs/CMK-3/GE, 

BSA/Ab1/AuNPs/CMK-3/GE and cTnI/BSA/Ab1/AuNPs/CMK-3/GE in 0.1 M PBS containing 

5 mM [Fe (CN)6]
3−/4− + 0.1 M KCl. 

 

The electrocatalytic performance of composite sensor material AuNPs/CMK-3 and the influence 

of anti-cTnI immobilization on its catalytic performance were investigated by timing amperometry 

[36,37]. The results are shown in Figure 3. The AuNPs/CMK-3 modified electrode has very low 

background current in 0.1 M PBS (pH 7.0) blank solution without H2O2. When H2O2 was added into 

PBS solution, the steady-state catalytic current increased significantly, indicating that AuNPs/CMK-3 

had catalase mimicase catalytic activity [38,39]. CMK-3 and AuNPs modified electrodes were prepared 

and their catalytic activity to H2O2 was investigated. The results showed that no significant catalytic 

current was observed for H2O2 on CMK-3 modified electrode, indicating that CMK-3 did not mimic 

enzyme activity [40]. The steady-state current of H2O2 AuNPs modified electrode increased obviously, 

indicating that the simulated enzyme catalytic activity of AuNPs/CMK-3 composite mainly came from 

AuNPs. At the same time, the steady-state catalytic current value of the single AuNPs modified electrode 

is smaller than that of the composite electrode, indicating that the high conductivity of CMK-3 

contributes to the enhancement of the AuNPs/CMK-3 catalytic current [41–43]. When AuNPs/CMK-3 

modified electrode was immobilized on the surface of anti-cTnI, the steady state catalytic current 

decreased [44,45]. This indicates that immobilization of anti-cTnI inhibits AuNPs/CMK-3 

electrocatalysis. 
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Figure 3. Chronoamperometric response of AuNPs/CMK-3/GE in blank solution (0.1 M PBS 

buffer，pH = 7. 0)，and CMK-3/GE，AuNPs/GE，AuNPs/CMK-3/GE，anti-cTnI/ 

AuNPs/CMK-3/GE in 0.1 M PBS solution ( pH = 7. 0 ) with 5 mM H2O2. Applied potential: 

－0.6 V. 

 

We then optimized the amount of AuNPs/CMK-3, anti-cTnI immobilization time and the time 

of sensor and cTnI immunity. After casting of AuNPs/CMK-3 dispersions (1 mg/mL) of GE surface, the 

relationship curve between Ret and AuNPs/CMK-3 modification measured in [Fe(CN)6]
3-/4- is shown in 

Figure 4A. As the volume of AuNPs/CMK-3 increases, Ret decreases gradually. When the volume 

reaches 10 μL, Ret reaches stability. This indicates that AuNPs/CMK-3 has the maximum promoting 

ability for electron transfer of electroactive substances on the electrode surface [46]. Therefore, the 

optimal modification amount of 4 mg/mL AuNPs/CMK-3 dispersion was determined to be 10 μL. 

Subsequently, the activated AuNPs/CMK-3/GE was immersed in 4 μg/mL anti-cTnI solution for 

antibody immobilization reaction, and the effect of anti-cTnI immobilization time on the electrochemical 

impedance of the electrode was investigated [47]. The results show that the Ret increases with the 

extension of T1. When T1 reached 3 h, Ret reached its maximum value and remained stable (Figure 4B). 

This indicates that the immobilization of anti-cTnI on AuNPs/CMK-3/GE surface is saturated. 

Therefore, the immobilization time for selecting anti-cTnI is 3 h. 

The influence of the time of immune reaction of cTnI and antibody on the sensor surface is shown 

in Figure 4C. The Ret gradually increases with the extension of time, which indicating that the antigen-

antibody complex formed by the immune reaction on the electrode surface is increasing. When the time 

reached 50 min, Ret did not increase significantly, indicating that the immune reaction between anti-

CTNI and cTnI on the electrode surface was balanced [48]. Therefore, the action time of cTnI was 

selected to be 50 min. 

The catalytic reduction performance of H2O2 at different application potentials (Ea) was 

investigated by timing amperometry. The results show that when Ea decreases from -0.3 V to -0.6 V, 

the steady-state catalytic current increases and then becomes stable. Therefore, the applied potential for 

timing amperometric analysis was -0.6 V. 
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Figure 4. Effects of (A) amount of AuNPs/CMK-3 dispersion，(B) immobilization time of anti-cTnI, 

(C) immune reaction time on the values of Ret of electrodes. (D) Relationship between catalytic 

currents and applied potentials. 

 

 

Under the optimal experimental conditions, the prepared sensors were exposed to different 

concentrations of cTnI for immune response, and then timed amperometric test was performed in PBS 

solution containing 5 mM H2O2 (0.1 M, pH 7.0). As shown in Figure 5A, the steady-state catalytic 

current gradually decreases with the increase of the concentration of target molecule cTnI. This indicates 

that anti-cTnI binds specifically with cTnI on the sensor surface, and the complex formed gradually 

increases. The effect of AuNPs/CMK-3 on H2O2 oxidation was enhanced. When cTnI concentration is 

in the range of 10 fg/mL ~ 0.1 μg/mL, the steady-state catalytic current difference (ΔI) after immune 

reaction has a good linear relationship with the negative logarithm of cTnI concentration (Figure 5B). 

The detection limit can be calculated as 2.4 fg/mL (S /N= 3). Compared with cTnI electrochemical 

sensors reported in the literature, this sensor has higher sensitivity and wider detection range (Table 1). 

This is due to the AuNPs are directly immobilization on the electrode surface in this study, which can 

achieve catalytic signal amplification more effectively than traditional bio-probe labeling. CMK-3 with 

high specific surface area and high conductivity further enhances the catalytic current. The change of 

the microenvironment of the sensing interface caused by immune reaction can lead to the change of the 

catalytic activity of CMK-3, thus improving the sensitivity of the sensor. 
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Figure 5. (A) Chronoamperometric response of anti-cTnI/AuNPs/CMK-3/GE in 0.1 M PBS containing 

5 mM H2O2 with 0, 10 fg/mL, 100 fg/mL, 1 pg/mL, 10 pg/mL, 100 pg/mL, 1 ng/mL, 10 ng/mL 

and 100 ng/mL of cTnI. (B) Plot of ΔI versus －lgCcTnI 

 

 

Table 1. Comparison of analytical performance of the anti-cTnI/AuNPs/CMK-3/GE with other reported 

cTnI biosensors. 

 

Sensor Linear detection 

range 

LOD Reference 

Immune probe-assisted 

SPR biosensor 

- 3.75 

ng/mL 

[49] 

Colorimetric sensing - 0.2 

ng/mL 

[50] 

Electrochemical 

aptasensor 

1～10 000 pM 1 .0 pM [51] 

Electrochemical 

immunosensor 

10～100 pg/mL 1.9 

pg/mL 

[52] 

anti-cTnI/AuNPs/CMK-

3/GE 

10 fg /mL～0. 1 μg 

/mL 

2.4 fg 

/mL 

This work 

 

 

Hb is a common biological molecule in blood, and its content is related to polycythemia vera, 

various anemia, leukemia and other diseases. Myoglobin (Myo) is a small pigment protein that can 

transport and store oxygen in muscle cells. When heart muscle is damaged, Myo also diffuses out of 

heart muscle cells and into the bloodstream. In this study, the specificity of the sensor for cTnI detection 

was investigated using two potential interferers, Hb and Myo, as control molecules. When the 

concentration of Hb, Myo and cTnI was 0.1 μg/mL, the signal of Hb and Myo solution was close to that 

of blank solution. This indicates that the sensor does not respond to Hb and Myo. However, the signal 

of cTnI and the mixed liquid is significantly less than that of blank liquid, and the two signals are 

basically consistent, indicating that the sensor has a good specificity for cTnI. 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220716 

  

9 

We investigated the reproducibility of anti- cTnI/AuNPs/CMK-3/GE. We prepared 10 sensors in 

parallel and determined 0.2 μg/mL cTnI solution. The relative standard deviation (RSD) of the analysis 

signal (ΔI) is 3.6%, indicating that the sensor has good reproducibility. The anti-cTnI/AuNPs/CMK-

3/GE was stored at 4 ℃ for 10 days and the time-amperometric response signal was measured in blank 

solution every 2 days. After 10 days, the signal attenuated to 93.4% of the original signal. On the 10th 

day, the sensor was used to detect 0.2 μg/mL cTnI solution, and the measured concentration was 0. 21 

μg/mL, indicating that the sensor has good stability. 

We added different amounts of cTnI standard solution into blank serum samples and used this 

sensor for detection (Table 2). The relative standard deviations (RSD) at 20 pg/mL, 1.00 ng/mL and 50 

ng/mL were 3.6%, 4.2% and 5.1%, respectively. Their recoveries were 97.4%, 101.3% and 104.1, 

respectively, indicating that the sensor can be used for cTnI analysis in actual serum samples. 

 

 

Table 2. Detection of cTnl in serum samples (n=3) 

 

Sample Addition  Found Recovery RSD 

1 20 pg/mL 19.48 pg/mL 97.4% 3.60 % 

2 1.00 ng/mL 1.02 ng/mL 102.0% 4.20 % 

3 50 ng/mL 52.05 ng/mL 104.1% 5.10 % 

 

 

4. CONCLUSION 

In this work, AuNPs/CMK-3 was synthesized and a novel cTnI labeled free electrochemical 

immunosensor was constructed. Based on the high conductivity of CMK-3, the catalase activity of 

AuNPs and the inhibitory effect of antigen antibody immune reaction on the catalytic activity of mimics, 

the sensor showed excellent performance for cTnI analysis. Under the optimal conditions, the linear 

range of cTnI detection by the sensor is 10 fg/mL ~ 0.1 μg/mL, and the detection limit is 2.4 fg/mL. This 

sensor can recognize cTnI with high specificity, and can be used for accurate analysis of cTnI in human 

serum samples, providing a new technical reference for clinical detection of markers of myocardial 

injury. 
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