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a b s t r a c t

MicroRNA-133a (miRNA-133a) and cardiac troponin I (cTnI) are different-type crucial biomarkers of acute

myocardial infarction (AMI), whose levels are great significance for AMI diagnosis and treatment. Herein,

a novel photoelectrochemical-electrochemical (PEC-EC) dual-mode biosensing platform for dual-target as-

says of miRNA-133a and cTnI was developed. In which, a PEC-EC dual-mode sensing platform for miRNA-

133a was constructed based on the changes of the photocurrent inhibition effect and the electrochemi-

cal signal of Fc on the Fc-hairpin DNA probe (Fc-HP)/ZnCdS-quantum dots (QDs)/ITO electrode. Further-

more, under magnetic separation and the specific interaction between cTnI and its aptamer, the N-doped

porous carbon-ZnO polyhedra (NPC-ZnO)-hemin-capture DNA probe hybrid (NH-CP) was obtained and in-

troduced to the Fc-HP/ZnCdS-QDs/ITO electrode via hybridization between NH-CP and Fc-HP. The hemin

molecules encapsulated in NH-CP could effectively induce the photocurrent-polarity-switching of the Fc-

HP/ZnCdS-QDs/ITO electrode and generate a new electrochemical signal originating from hemin. Thus,

cTnI was assayed sensitively and selectively by the PEC-EC dual-mode biosensing platform. Here, Fc and

hemin not only serve as the electrochemical indicators, but also respectively inhibit the photocurrent and

switch the photocurrent polarity of ZnCdS-QDs. Furthermore, the proposed biosensing platform could be

easily expanded to the detection of other multiplex-type biomarkers via the change of the sequences of

the related DNA probes, implying its significant potential in clinical diagnosis and biological analysis.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Acute myocardial infarction (AMI) is a prevalent cardiovascu-

lar disease that can cause irreversible damage to the heart and

even threaten human life [1]. Therefore, early accurate diagno-

sis is greatly crucial for the prevention and treatment of AMI. To

date, a variety of AMI-related biomarkers have been found, such as

microRNAs (miRNA-133a, miRNA-499, miRNA-21, miRNA-199a and

miRNA-1) [2-4], cardiac troponins (cTnI, cTnC and cTnT) [5], myo-

globin [6] and creatine kinase [7]. In which, the single-stranded

miRNA-133a plays a significant role in mediating cardiac processes

[2]. Meanwhile, cTnI has higher specificity and sensitivity com-

pared with the other two cardiac troponins, which is considered as

the “gold standard” for diagnosing AMI [8]. The expression peaks

of miRNA-133a and cTnI in plasma almost simultaneously appear

after the occurrence of AMI [9]. Nevertheless, miRNA-133a is as-

sociated with several cancers, including lung cancer [10], gastric

cancer [11], bladder cancer and hepatocellular carcinoma [12]. And

abnormal cTnI level also might be caused by other cardiac diseases
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including acute pericarditis, heart failure, acute inflammatory my-

ocarditis and end-stage renal disease. [8,13]. Consequently, the as-

say on a single biomarker may lead to false positive results in clin-

ical diagnosis of AMI.

Compared with single-biomarker detection, multiple-biomarker

assay can improve the accuracy and detection efficiency in biologi-

cal analysis and clinical diagnosis [14,15]. For example, Sun et al.

constructed an electrochemiluminescence (ECL) sensing platform

based on AuNPs@G-quadruplex spherical nucleic acid enzyme for

detecting miRNA-133a and miRNA-499 [16]. Gupta et al. designed a

label-free electrochemical (EC) multi-analyte immunosensing plat-

form for the simultaneous detection of three cardiac markers us-

ing a nine-electrodes array fixed with different capture probes [17].

Nonetheless, the current studies have only achieved the individual

detection of nucleic acids or proteins for AMI assay. The analysis

of different-type biomarker can manifest more comprehensive in-

formation and avoid false positive diagnoses [18]. Therefore, it is

necessary to construct a biosensing platform for the detection of

different-type AMI biomarkers [19,20].

At present, great progress has been made in the single-mode

analysis methods for AMI biomarkers, such as ECL [9], photoelec-

trochemical (PEC) [21], EC [22], fluorescence (FL) [23] and enzyme-
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Scheme 1. (A) Schematic diagram of the PEC-EC dual-mode biosensing platform for detection of miRNA-133a and cTnI. (B) The process of the cTnI recognition and magnetic

separation. (C) The preparation procedure of NH-CP.

linked immunosorbent assays [24]. However, the quantitative as-

say via single-mode output may still be affected by manipula-

tion, experimental and instrumental errors, as well as background

signals [25]. The construction of dual-mode biosensing platform

with different response mechanisms can not only resolve above

issues, but also provide mutual cross-validation of the detection

results in different modes [26]. Recently, several dual-mode sens-

ing platforms have been proposed, including ECL-FL [27], PEC-

EC [25], photoelectrochemical-colorimetric (PEC-CL) [28] and FL-CL

[29]. Among which, the emerging PEC technique cooperated with

EC has attracted increasing concerns as a new generation of analy-

sis methods, due to their rapid response, easy operation, high sen-

sitivity and simple instruments [22,30,31]. For example, our group

successfully constructed an EC-PEC biosensing platform, achieving

the sensitive and selective assay of miRNA-210 [25].

On the other hand, the EC biosensors usually quantify analytes

by collecting electrochemical response signals from the redox tag

as an indicator, such as ferrocene (Fc), methylene blue and hemin,

based on the target-induced “signal-off” or “signal-on” strategy

[32,33]. Similarly, the traditional PEC sensing strategies are primar-

ily divided into “signal-off” [26] and “signal-on” [34] methods ac-

cording to the relationship between PEC response and target con-

centration. Recently, an interesting PEC sensing strategy, named as

the photocurrent-polarity-switching method [35], was developed

to effectively minimizing the occurrence of the false-positive or

false-negative signals caused by the interferents, and thus improve

the selectivity and accuracy. For these PEC sensing strategies, an

effective signal probe is generally essential to inhibit, amplify or

switch PEC signal [26,34,35]. Based on the above consideration, the

multifunctional signal indicators/probes are of great significance

for developing a simple and efficient PEC-EC biosensing platform.

Herein, a novel dual-target biosensing platform based on PEC-

EC dual modes was constructed for detecting different-type AMI

biomarker of miRNA-133a and cTnI, based on the inhibition effect

of Fc and the photocurrent-polarity-switching ability of hemin to-

wards the PEC responses of ZnCdS quantum dots (ZnCdS-QDs, ZCS),

as well as the electrochemical properties of Fc and hemin. ZCS

were used as the basic photoelectric materials due to their out-

standing photoelectric properties, adjustable band gap, easy modi-

fication and good stability [36,37]. As shown in Scheme 1, the Fc-

labeling hairpin DNA (Fc-HP) was immobilized on the ZCS/indium

tin oxide (ITO) electrode via the Cd–S bond. Upon the introduc-

tion of miRNA-133a, the hairpin structure of Fc-HP was opened

and Fc was far away from the electrode surface, leading to an

enhanced photocurrent and a decreased Fc electrochemical oxida-

tion peak current. Afterward, a dual-mode PEC-EC sensing plat-

form was further constructed for cTnI detection. In which, the

N-doped porous carbon-ZnO (NPC-ZnO) ployhedra-hemin-capture

DNA probe (NH-CP) conjugates were firstly prepared by encap-

sulating hemin into NPC-ZnO, whose surface was modified with

streptavidin (SA) and further combined with biotin-labeling cap-

ture probe (Bio-CP). Then, the NH-CP would hybridize with the ap-

tamer of cTnI modified on the magnetic beads (MB-Apt) to form

the NH-CP/MB-Apt conjugates. When cTnI is present, NH-CP was

released due to the specific recognition of aptamer toward cTnI,

and further hybridized with the Fc-HP opened by miRNA-133a.

Then, the hemin encapsulated in NH-CP would induce the pho-

tocurrent polarity switching of ZCS, and meanwhile generate a new

electrochemical signal. Thus, cTnI could also be sensitively and se-

lectively detected. Here, Fc and hemin not only serve as the elec-

trochemical indicators, but also respectively inhibit the photocur-

rent and switch the photocurrent polarity of ZCS. Furthermore, the

proposed biosensing platform could be easily expanded to the de-

tection of other multiplex-type biomarkers via the change of the

sequences of the related DNA probes, implying its significant po-

tential in clinical diagnosis and biological analysis.

The morphologies of ZIF-8, NPC-ZnO and NPC-ZnO-hemin are

revealed by scanning electron microscopy (SEM) images in Fig. 1.

As can be clearly observed, ZIF-8 (Fig. 1A) is a typical rhombic do-

decahedron with an average particle size of ∼120nm. After calci-

nation of ZIF-8, the derived NPC-ZnO (Fig. 1B) composite materials

inherit the original dodecahedron structure with a slightly smaller

particle size (∼110nm) than that of ZIF-8 polyhedra. When hemin

is incorporated in NPC-ZnO, the morphology and the size of NPC-

ZnO-hemin (Fig. 1C) keep the same as that of the pristine NPC-

ZnO. On the other hand, the X-ray diffraction (XRD) analysis was

carried out to investigate the structures of ZIF-8 and NPC-ZnO. As

displayed in Fig. 1D, the strong characteristic diffraction peaks of

ZIF-8 (curve a) illustrate its high crystallinity, well matching with

the reported work [38]. After calcination, the typical peaks of ZIF-

8 disappear, indicating that the crystal structure of ZIF-8 is com-

pletely destroyed and NPC-ZnO is successfully prepared as reported

in literature [38].

To demonstrate the successful encapsulation of hemin into the

pores of NPC-ZnO, nitrogen adsorption-desorption isotherms were

collected for NPC-ZnO-hemin and NPC-ZnO as displayed in Fig. 1E.

The Brunauer-Emmett-Teller (BET) specific surface area and pore

volume of NPC-ZnO polyhedrane measured to be 484.7 m2/g and

0.578 cm3/g, respectively. By contrast, the sharp decrease in the

specific surface area (92.6 m2/g) and pore volume (0.191 cm3/g)

of NPC-ZnO-hemin confirms the successful embedding of hemin

in NPC-ZnO. The porous structure with large specific surface area

of NPC-ZnO polyhedra is favorable for the encapsulation of hemin,

which facilitates the EC and photocurrent-polarity-switching PEC

responses induced by sufficient hemin. In addition, the optical

properties of NPC-ZnO, hemin and NPC-ZnO-hemin were character-

ized by UV–vis absorption spectroscopy as shown in Fig. 1F. Com-

pared with NPC-ZnO (curve a), NPC-ZnO-hemin (curve c) shows

a strong absorption peak at ∼395nm similar to hemin (curve b)

[39], which is ascribed to the incorporation of hemin into NPC-

ZnO polyhedra. In addition, the morphology, structure and elemen-

tal chemical states of ZCS were characterized and the results show

that ZCS with an average diameter of ∼6nm have been successfully

prepared (Figs. S1 and S2 in Supporting information). The carboxy-
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Fig. 1. SEM images and the corresponding high-magnification images (insets) of (A) ZIF-8, (B) NPC-ZnO and (C) NPC-ZnO-hemin. (D) XRD patterns of (a) ZIF-8 and (b)

NPC-ZnO. (E) Nitrogen adsorption-desorption isotherms of (a) NPC-ZnO and (b) NPC-ZnO-hemin. (F) UV–vis spectra of (a) NPC-ZnO, (b) hemin and (c) NPC-ZnO-hemin.

Fig. 2. (A) Nyquist plots of different electrodes in the solution containing 5mol/L [Fe(CN)6]
3-/4− and 0.1mol/L KCl (frequency ranging from 100kHz to 0.1Hz; amplitude,

5mV). (B) Photocurrent responses of different electrodes in 0.1mol/L Tris–HCl (pH 7.4) containing 0.1mol/L AA at 0V. (C) Square wave voltammetry (SWV) responses of

different electrodes in 0.1mol/L Tris–HCl (pH 7.4). (a) ITO, (b) ZCS/ITO, (c) Fc-HP/ZCS/ITO, (d) MCH/Fc-HP/ZCS/ITO, (e) miRNA-133a/MCH/Fc-HP/ZCS/ITO, (f) NH-CP/miRNA-

133a/MCH/Fc-HP/ZCS/ITO.

lated MB were characterized by SEM, XRD and Fourier transform

infrared (FT-IR) spectroscopy and its successful preparation is con-

firmed (Fig. S3 in Supporting information).

The stepwise assembly process of the developed dual-mode

dual-target biosensing platform was investigated by electrochemi-

cal impedance spectroscopy (EIS). As is well-known, the semicircle

diameters of the Nyquist plots reflect the interfacial charge trans-

fer resistance (Rct) of the electrodes. It can be clearly observed in

Fig. 2A, the Rct value of ZCS/ITO (curve b, 35 �) is larger than

that of the ITO electrode (curve a, 25 �) due to the semiconduc-

tor property of ZCS. The successive assembly of Fc-HP (curves c,

49 �) and MCH (curves d, 72 �) on the surface of ZCS/ITO results

in a continuous increase of the Rct values, due to the hindrance

of DNA molecules and the blocking effect of MCH. When the elec-

trode is further incubated with miRNA-133a (curve e, 80 �) and

NH-CP (curve f, 102 �) released by cTnI, the Rct values of the re-

lated electrodes become larger gradually, owing to steric hindrance

effects of NH-CP. Above EIS results confirm that the successful

building of the AMI-biomarkers biosensing platform according to

Scheme 1.

The PEC and EC responses of the different modification elec-

trodes were also investigated during the step-by-step construction

process. As shown in Figs. 2B and C, there is no obvious pho-

tocurrent or electrochemical response from the bare ITO electrode

(curve a). However, the ZCS/ITO electrode (curve b) exhibits an ob-

vious anodic PEC signal due to the excellent photoelectric proper-

ties of ZCS, yet no obvious EC signal. After Fc-HP is immobilized on

the ZCS/ITO electrode (curve c), the photocurrent is weakened sig-

nificantly owing to the inhibition effect of Fc toward ZCS/ITO elec-

trode, and a remarkable electrochemical oxidation peak emerges

at ∼0.38V ascribed to the proximity of the Fc electrochemical in-

dicator to the ZCS/ITO electrode. Then, the PEC and EC responses

of the electrode would be slightly weakened after sealing the non-

specific sites with MCH (curve d), mainly resulted from the block-

ing effect of MCH. In the presence of miRNA-133a (curve e), the

hairpin structure of Fc-HP is opened and Fc is far away from the

electrode surface, which results in an increase in the photocurrent

of the electrode and a decrease in the Fc electrochemical oxidation

peak current.

After further incubated with NH-CP conjugates released by cTnI

(curve f), the photocurrent polarity is switched, leading to a sig-

nificant cathodic photocurrent. The outstanding ability of hemin to

switch the photocurrent polarity of the ZCS/ITO electrode was fur-

ther demonstrated as shown in Fig. S4 (Supporting information),

which is beneficial to the high sensitivity and selectivity of the

PEC biosensing platform with negative background signal. Mean-

while, a new electrochemical oxidation current peak of hemin can

be observed at –0.41V. In addition, the PEC mechanisms for the

inhibiting effect of Fc and hemin-induced photocurrent-polarity-

switching of the ZCS/ITO electrode were described in Scheme S1

(Supporting information) based on the energy band positions ob-

tained from Fig. S5 (Supporting information) and the literatures

[35,40]. The above results convincingly reveal that the PEC-EC

biosensing platform was successfully constructed and can be used

for sensitive miRNA-133a and cTnI assays.

Under the optimal experimental conditions (Fig. S6 in Sup-

porting information), the analytical performance of the proposed

dual-mode dual-target biosensing platform for AMI biomarker

assay was investigated. For PEC biosensing of miRNA-133a

(Fig. 3A), the anodic photocurrent increases as increasing the
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Fig. 3. (A) Photocurrents responses and (B) SWV responses to different concentration of CmiRNA-133a: 0, 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5 and 1pmol/L. Inset:

(A) Photocurrents and (B) IFc versus lgCmiRNA-133a calibration plot. (C) Photocurrents responses to different concentration of CcTnI: 0, 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1,

0.5, 1, 5 and 10pmol/L. (D) SWV responses to different concentration of CcTnI: 0, 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, and 0.5 pmol/L. Inset: (C) Photocurrents and (D)

Ihemin versus lgCcTnI calibration plot.

concentration of miRNA-133a, which is proportional to the log-

arithm of the miRNA-133a concentration (lgCmiRNA-133a) rang-

ing from 0.1 fmol/L to 1pmol/L. A regression equation of

I (nA)=141.80lgCmiRNA-133a +1667.43 (R2 =0.9977) is obtained with

a detection limit of 0.032 fmol/L (S/N = 3). For the EC as-

say of miRNA-133a, the electrochemical signals of Fc decrease

with the increase of the miRNA-133a concentration. The linear

relationship between the oxidation peak current of Fc (IFc) and

the logarithm of miRNA-133a concentration is observed from 0.1

fmol/L to 1pmol/L (Fig. 3B). The linear equation is IFc (nA)=–

35.88lgCmiRNA-133a +253.14 (R2 =0.9957) and the corresponding de-

tection limit is calculated to be 0.054 fmol/L (S/N = 3). Further-

more, a PEC-EC biosensing platform was constructed for the detec-

tion of cTnI under sufficient miRNA-133a (CmiRNA-133a =1pmol/L).

As shown by the PEC assay in Fig. 3C, a large anodic photocur-

rent is observed without cTnI, which is switched to an obvious

cathodic photocurrent when the NH-CP conjugates released by

cTnI is introduced to the sensing system. High sensitivity can be

achieved based on the negative background signal originated from

the polarity switching of photocurrent [41,42]. The cathodic pho-

tocurrent responses increase with the increase of the cTnI con-

centration. A linear relationship between the value of the change

in photocurrent (�I) and the logarithm of the cTnI concentration

is acquired in the range from 0.1 fmol/L to 10pmol/L (3 fg/mL

to 30 pg/mL), with a linear equation of �I (nA)=–64.12lgCcTnI
– 2052.89 (R2 =0.9971) and a detection limit of 0.034 fmol/L

(1.02 fg/mL, S/N = 3). For EC biosensing of cTnI (Fig. 3D), the

oxidation peak current of hemin increases as the concentration

of cTnI increases. Consequently, the linear regression equation is

Ihemin =18.40lgCcTnI +200.86 (R2 =0.9968) with a linear response

range of 0.1 fmol/L to 500 fmol/L (3 fg/mL to 15 pg/mL) and a

detection limit of 0.041 fmol/L (1.23 fg/mL, S/N = 3). Therefore,

the different-type AMI biomarkers of miRNA-133a and cTnI can be

sensitively assayed by the developed PEC-EC dual-target biosens-

ing platform which shows better analytical performance compared

with most other reported methods (Table S2 in Supporting infor-

mation).

In assessing the practicality of the developed biosensing plat-

form, further investigation was conducted to examine its selec-

tivity. For miRNA-133a assay, miRNA-21, miRNA-141, miRNA-155,

miRNA-210 and miRNA-101 were used as the interferents. As

shown in Fig. S7A (Supporting information), no obvious changes

of PEC or EC signals are found in response to the five interferents,

whereas significant responses for both sensing modes are observed

toward the miRNA-133a target. Besides, the (photo)current values

of the biosensing platform for the mixture of miRNA-133a and in-

terferents are almost the same as these for only miRNA-133a. The

obtained results reveal the satisfactory selectivity of the developed

PEC-EC biosensing platform for miRNA-133a assay. On the other

hand, human serum albumin (HSA), prostate specific antigen (PSA),

immunoglobulin G (IgG), carcinoembryonic antigen (CEA) and vas-

cular endothelial growth factor 165 (VEGF165) were selected as the

interferents for assessing the selectivity in the dual-mode biosens-

ing of cTnI [43,44]. From Fig. S7B (Supporting information), it is

noted that the five interferents weaken the anodic photocurrent

compared with the blank sample but cannot switch the polarity

of the photocurrent. Only the presence of cTnI could induce the

switching of the photocurrent polarity and generate an obvious ca-

thodic photocurrent. Meanwhile, the cathodic photocurrent for the

mixture of cTnI and interferents is almost the same as that for the

cTnI sample. In terms of the EC sensing of cTnI, much larger elec-

trochemical signals are observed for cTnI and the mixture com-

pared to these five interferents. These results demonstrate that the

constructed PEC-EC dual-mode biosensing platform also has excel-

lent selectivity for cTnI assay.

The stability and reproducibility of the constructed PEC-EC

biosensing platform were also studied. The PEC responses under

10 times “on-off” irradiation cycles indicate an acceptable PEC sta-

bility (Fig. S8A in Supporting information). In addition, the stability

also was investigated by storing the designed biosensing platform
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at 4 °C for 15 days as presented in Fig. S8B (Supporting informa-

tion). The PEC and EC signals for miRNA-133a (1pmol/L) assay still

remain about 96.5% (curve a) and 92.1% (curve b) of the initial val-

ues. For cTnI (500 fmol/L) biosensing, the PEC and EC responses

are 93.1% (curve c) and 94.3% (curve d) of the initial values. Ad-

ditionally, the reproducibility of the developed biosensing platform

was also assessed on six independent electrodes. As shown in Fig.

S9A (Supporting information), the relative standard deviation (RSD)

values of the PEC and EC responses for miRNA-133a assay are 5.5%

and 4.8%, respectively. For cTnI biosensing platform (Fig. S9B in

Supporting information), the RSD values are 5.3% and 5.1% respec-

tively for the PEC and EC modes. These results suggest the satisfac-

tory stability and reproducibility of the proposed PEC-EC biosens-

ing platform for the dual-target assay.

In order to validate the applicability of the proposed PEC-EC

biosensing platform in complex samples, different concentrations

of miRNA-133a and cTnI were spiked in 20-fold diluted human

serum samples, and the recovery experiments were performed. As

displayed in Table S3 (Supporting information), the recoveries of

the developed dual-mode sensing platform for the dual targets of

miRNA-133a and cTnI are acceptable. The abovementioned results

indicate the great potential of the developed PEC-EC dual-target

biosensing platform in the practical assays of miRNA-133a and cTnI

in complex samples.

In summary, a novel PEC-EC dual-mode dual-target biosensing

platform is developed for sensitive and selective assays of miRNA-

133a and cTnI which are the different-type AMI biomarkers. Based

on the inhibition effect of Fc toward the photocurrent of ZCS and

the electrochemical activity of Fc, miRNA-133a can be detected

by the photoelectrochemical (electrochemical) method with a lin-

ear range of 0.1 fmol/L to 1pmol/L and a detection limit of 0.032

fmol/L (0.054 fmol/L). Furthermore, cTnI can be detected by PEC-

EC dual-mode sensing strategy based on the photocurrent polarity-

switching abilities of hemin toward ZCS and the electrochemical

activity of hemin. The linear ranges from 0.1 fmol/L to 10pmol/L

(PEC) and 0.1 fmol/L to 500 fmol/L (EC), as well as a detection

limits of 0.034 fmol/L (PEC) and 0.041 fmol/L (EC), are achieved.

For the proposed PEC-EC dual-mode biosensing platform, Fc and

hemin not only serve as the electrochemical indicators, but also re-

spectively inhibits the photocurrent and switches the photocurrent

polarity of ZCS. In addition, this dual-mode biosensing platform ex-

hibits good selectivity, stability, reproducibility, and potential appli-

cability for detecting miRNA-133a and cTnI in complex biological

systems. Furthermore, the proposed biosensing platform could be

easily expanded to the detection of other multiplex-type biomark-

ers via the change of the sequences of the related DNA probes, im-

plying its significant potential in clinical diagnosis and biological

analysis.
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