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Abstract
An ultrasensitive photochemical biosensor based on the target miRNA-triggered catalytic hairpin assembly (CHA) reaction 
between Au nanoparticles (AuNPs)/C3N4 nanosheets and CdS quantum dots (QDs) was developed for the determination 
of miRNAs. Firstly, AuNPs/C3N4 nanosheets were immobilized onto a working glassy carbon electrode. Then, the hairpin 
probe 1 (H1) was loaded through Au–S bonding. Afterward, the unbound sites were blocked with 6-mercaptohexanol to 
avoid nonspecific adsorption. In the presence of the target miRNA, the CHA reaction between the H1 and hairpin probe 
2-CdS QDs (H2-CdS QDs) could be triggered. As a result, the AuNPs/C3N4 nanosheet and CdS QDs were linked by the 
double helix structure H1-H2. Unlike the other CHA reactions, H2 used in this work is longer than H1 so that the AuNPs/
C3N4 nanosheets could touch the CdS QDs. Given the matched energy band positions between the C3N4 nanosheet and 
CdS QDs, a strong photocurrent could be obtained after the CHA reaction was triggered by the target miRNA. In addition, 
p-type C3N4 nanosheets and n-type CdS QDs presented reduction photocurrents and oxidation photocurrents, respectively. 
Therefore, the photocurrents were vectors in this design that can eliminate the interference of nonspecific adsorption and 
avoid the generation of false-positive signals. Under the optimal conditions, the limit of detection was 92 aM. The constructed 
photoelectrochemical biosensor showed good reproducibility and selectivity in the analysis of serum samples, which indicates 
its great prospects in disease diagnostics and bioanalysis.

Keywords  Biosensor · Catalytic hairpin assembly · C3N4 nanosheets · MicroRNA · Photoelectrochemistry · Signal 
amplification

Introduction

MicroRNAs (miRNAs) are single-stranded, noncoding, 
and endogenous small RNA molecules [1]. These RNA 
molecules have been found to mediate gene silencing and 
translation repression, as well as trigger downstream sign-
aling pathways [2]. Meanwhile, more evidence shows that 
the abnormal expression of miRNAs is associated with 
the occurrence, proliferation, invasion, and metastasis 
of tumors [3]. Therefore, miRNAs have been considered 

tumor biomarkers [4]. Previous studies have shown that 
the abnormal expression of miRNAs could be effectively 
detected by quantitative reverse-transcription polymerase 
chain reaction (qRT-PCR) [5], microarray [6], Northern 
blotting [7], and deep sequencing [8] techniques. Although 
these methods present excellent accuracy in diagnosis, 
these processes are time-consuming and require the use 
of expensive equipment, thereby limiting their wide appli-
cation. Therefore, it is imperative to explore sensing tech-
niques with low cost, high sensitivity, and accuracy toward 
the detection of miRNAs.

Some emerging methods have been exploited to detect 
miRNAs, such as fluorescence [9], electrochemistry [10], 
electrogenerated chemiluminescence [11], photoelectro-
chemistry [12], surface-enhanced Raman spectroscopy 
[13], and colorimetry [14]. Among these methods, photo-
electrochemistry (PEC), which integrates electrochemistry 
and optical excitation, has shown the advantages of simple 
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instrumentation requirements, low noise, high sensitivity, 
and selectivity[15].

To obtain strong photocurrents in PEC biosensors, dif-
ferent semiconductor materials have been complexed by 
researchers. This is because the matched energy band 
positions between two semiconductors can promote 
the electron–hole separation efficiency [16, 17]. For 
example, Dong et al. constructed a photoelectrochemi-
cal platform based on a CdS@g-C3N4 composite for the 
bioanalysis of miRNA [18]. In addition, various com-
posites, such as V2O5/CdS QDs [19], Ag2S@WS2 [20], 
MoS2-ReS2 [21], g-C3N4/Ti3C2 [22], and VS2 QDs-Bi2S3 
[23], have been developed to enhance the photocurrent. 
However, most of the PEC biosensors developed based 
on these composites were signal “on–off” instead of 
“off–on.” In addition, there may be some false-positive 
signals due to the nonspecific adsorption. For instance, 
Victorious et al. developed a PEC biosensor based on 
the strong signal generated by the composites of TiO2 
and AuNPs [24]. In their report, probe modified TiO2 
was adopted as the substrate, and DNA-linked AuNPs 
could be captured by the probe. Meanwhile, the DNA 
was longer than the probe, showing that AuNPs could be 
located on the TiO2.

To achieve a large current change caused by miRNA, 
many efforts have been made to design signal amplifica-
tion strategies. Some commonly used methods include 
strand displacement amplification (SDA) [25], catalytic 
hairpin assembly (CHA) reactions [26–28], rolling circle 
amplification (RCA) [29], and some endonuclease- [30] 

or exonuclease-mediated reactions [12]. Among these 
signal amplification methods, biological enzyme-medi-
ated reactions are efficient but also expensive. Never-
theless, CHA-assisted signal amplification strategies are 
convenient, specific, low-cost, and efficient [31]. CHA is 
usually used to connect two different materials to achieve 
a certain signal enhancement. For example, Li et al. [32] 
used a miRNA-triggered CHA reaction and realized that 
plasmonic AuNPs with an appropriate interparticle dis-
tance could produce the optimal SERS signal.

Inspired by the above strategies, we tried to use a miRNA-
triggered CHA reaction to assemble two semiconductor 
materials with matched energy band positions so that strong 
photocurrents could be obtained in the presence of a target. 
The previously reported CHA was aimed at assembling two 
materials on the two ends of double-stranded DNA. Here, 
we designed the length of the probe so that the two materials 
could be assembled with a smaller interparticle distance, and 
a stronger photocurrent signal could be achieved. As shown 
in Scheme 1, AuNPs/C3N4 nanosheets were utilized as the 
substrate, and hairpin probe 1 (H1) was attached to AuNPs 
by Au–S bonding. In the presence of the target miRNA and 
hairpin probe 2 (H2)-modified CdS QDs (H2-CdS QDs), 
CHA could be triggered and the CdS QDs were immobilized 
onto the working electrode. Due to the longer length of H2, 
the distance between the H2-modified CdS QDs and AuNPs/
C3N4 nanosheets could be reduced. As a result, a stronger 
photocurrent could be obtained for the matched energy band 
positions between the C3N4 nanosheets and CdS QDs, which 
is typical of photocatalysts.

Scheme 1   Diagram of the PEC 
biosensor used for the miRNA 
detection
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Experimental

Chemicals and materials

Dicyandiamide, chloroauric acid (HAuCl4), cadmium chlo-
ride (CdCl2), and 3-mercaptopropionic acid (MPA) were 
obtained from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). Sodium sulfide (Na2S), N-hydroxy suc-
cinimide (NHS), 1-ethyl-3-(3-dimethyl amino propyl) car-
bodiimide hydrochloride (EDC), polyethyleneimine (PEI), 
6-mercapto-1-hexanol (MCH), trisodium citrate dihydrate, 
and potassium ferricyanide (K3[Fe(CN)6]) were purchased 
from Aladdin Reagent Company (Shanghai, China). Human 
serum samples (H4522) were provided by Sigma-Aldrich. 
Besides, a breast cancer biomarker miRNA-21 was utilized 
as a representative miRNA. All the oligonucleotides used 
in this work were provided by Sangon Biotech Co., Ltd 
(Shanghai, China) and the corresponding sequences are 
displayed in Table S1.

Apparatus and measurements

The microstructures of the prepared samples were studied by 
scanning electron microscopy (SEM, FEI inspect F50, USA) 
and transmission electron microscope (TEM, Hitachi H800, 
Japan). Fourier-transform infrared (FT-IR) spectra were per-
formed with a Nicolet 5700 spectrometer (Nicolet, USA). 
UV–vis absorption spectroscopy was carried out with a Shi-
madzu UV-2600 spectrophotometer (Japan).

Synthesis of H2‑CdS QDs

H2 and MPA-capped CdS QDs were linked by amidation. 
Briefly, MPA-capped CdS QDs were synthesized according 
to Madrakian’s report [33]. Typically, CdCl2 (1 mmol) and 
MPA (1 mmol) were dissolved in 40 mL deionized water under 
stirring. Then, NaOH (2 M) solution was added to the above 
solution gradually to adjust the pH value of the solution to 11. 
Afterward, Na2S solution (0.1 M) was added gradually under 
stirring until the solution turned yellow. Thereafter, the solu-
tion was continuously stirred for 5 h and the MPA capped CdS 
QDs were formed. Furthermore, the MPA capped CdS QDs 
were precipitated by the addition of ethanol. The product was 
further washed with ethanol to remove the unreacted residues 
and dried at 60 ℃ for 12 h in a vacuum drying oven. Finally, 
the collected CdS QDs were dissolved in deionized water and 
stored at 4 ℃ in the dark for use.

Synthesis of H2‑CdS QDs

H2 and MPA capped CdS QDs were linked by amida-
tion. Briefly, MPA capped CdS QDs (1 mL, 1 mg mL−1) 

were mixed with 10 mL EDC solution (10 mg mL−1 in 
MES, pH 5.5) and stirred for 1 h to activate the carboxyl 
group in MPA. Afterward, 1 mL H2 solution (10 μM) 
and 10 mL NHS solution (5 mg mL−1 in MES, pH 5.5) 
were added to the above solution and reacted for 10 h 
at 25 ℃. Then, the formed H2-CdS QDs were washed 
with ethanol to remove the unreacted residues and dried 
at 60 ℃ for 10 h in a vacuum drying oven. Finally, the 
purified H2-CdS QDs were dissolved in deionized water 
and stored at 4 ℃ for use.

Preparation of AuNPs, C3N4 nanosheets, and AuNPs/
C3N4 nanosheets

AuNPs, C3N4 nanosheets, and AuNPs/C3N4 nanosheets 
were synthesized according to our previous report [34]. 
The details are displayed in the supporting information.

Fabrication of the working electrode

Before fabricating the electrode, the glassy carbon elec-
trode (GCE) was polished with 3 μm Al2O3 and washed 
with deionized water to obtain a mirror surface. Then, 
AuNPs/C3N4 nanosheet (10 μL) solution was dropped 
onto the GCE. Afterward, H1 (10 μL, 10  μM) was 
immobilized onto the AuNPs/C3N4 nanosheet–modified 
GCE through Au–S bonding. After that, MCH (10 μL, 
1 mM) solution was used to seal the active sites on the 
AuNPs for 1 h, and then, the modified electrode was 
treated with 30 μL deionized water to remove excess 
mercaptoethanol. Then, the above-modified electrode 
was incubated with H2-CdS QDs (10 μL, 100 μM) and 
different concentrations of miRNA-21 for 2 h. Finally, 
the modified electrode was further treated with 30 μL 
deionized water to remove species bound by nonspecific 
adsorption.

Photoelectrochemical measurement

The PEC detection was performed on a CHI 660E elec-
trochemical workstation (Shanghai Chenhua Instrument 
Co., Ltd., China) with a traditional three-electrode sys-
tem consisting of the above-modified GCE as the working 
electrode, a Pt wire as the counter electrode, and a satu-
rated calomel electrode (SCE) as the reference electrode. 
The photocurrents were recorded by obtaining I-T curves 
in PBS (pH = 6) under irradiation of a 150 W Xe lamp 
(LPX150 arc lamp, China) with an applied potential of 
0.0 V vs SCE.
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Results and discussion

Characterization of the AuNPs/C3N4 nanosheets 
and MPA‑capped CdS QDs

First, the surface morphology of bulk C3N4 was explored 
by SEM. As displayed in Fig. 1A, bulk C3N4 was com-
posed of a C3N4 nanosheet. Therefore, the C3N4 nanosheet 
could be obtained through ultrasonic peeling. The TEM 
image of the C3N4 nanosheet (Fig. 1B) indicates that a few 
layers of C3N4 nanosheets were obtained, while the AuNPs 
were assembled with C3N4 nanosheets. The size of the 
AuNPs was approximately 6–7 nm, and the AuNPs/C3N4 
nanosheets were formed successfully, as shown in Fig. 1C. 
This could be explained by that the AuNPs with high sur-
face energy are spontaneously assembling with the two-
dimensional C3N4 nanosheet to reduce the surface energy. 
A TEM image of CdS QDs is shown in Fig. 1D, and its 
particle size could be estimated as 2–3 nm. In addition, 
the lattice spacing could be calculated to be approximately 
0.23 nm, as observed from the HRTEM image (Fig. 1E). 
Furthermore, the selected area electron diffraction (SAED) 
pattern of CdS QDs is displayed in Fig. 1F.

MPA-capped CdS QDs and H2-CdS QDs were char-
acterized by FT-IR spectroscopy. As shown in Fig. 2, the 
FT-IR spectra of MPA-capped CdS QDs (curve a) dis-
played the significant vibrational peaks at 3435, 1560, 
1400, and 1272  cm−1, which should be caused by the 
functional group of MPA. In addition, peaks at wavenum-
bers of 500–700 cm−1 were observed, which indicates the 
presence of Cd-S bonds [35]. After the MPA-capped CdS 
QDs were modified with H2 (curve b), the vibrational peak 
at 1640 cm−1 represented the amide bond [35]. In addition, 

the new vibrational peaks due to the presence of H2 indi-
cate the functionalization of CdS QDs with H2 [36].

The UV–vis absorption spectra of the C3N4 nanosheets 
and MPA capped CdS QDs are shown in Fig. 3A. The C3N4 
nanosheets and MPA-capped CdS QDs exhibit an absorption 
peak at 325 nm. Then, the corresponding Tauc plots shown 
in Fig. 3B were obtained according to the Tauc equation 
[37], (αhυ)2 = A(hυ − Eg), where α is the absorption coeffi-
cient, hυ is the photon energy, and Eg is the bandgap width. 
The semiconductor bandgap could be obtained by extending 
the tangent to the linear part of the graph through the hori-
zontal axis. From Fig. 3B, the C3N4 nanosheets and MPA-
capped CdS QDs depict noticeable absorption edges that 

Fig. 1   (A) SEM image of bulk 
C3N4; TEM images of (B) C3N4 
nanosheets (inset is the C3N4 
nanosheets solution irradiated 
by ultraviolet light with a wave-
length of 345 nm); (C) AuNPs/
C3N4 nanosheets; (D) CdS QDs 
(inset is the CdS QDs solution 
irradiated by ultraviolet light 
with a wavelength of 345 nm); 
(E) HRTEM image of CdS 
QDs; and (F) SEAD pattern of 
CdS QDs

Fig. 2   The FT-IR spectra of (a) MPA-capped CdS QDs and (b) 
H2-CdS QDs
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correspond to the C3N4 (2.72 eV) and bulk CdS (2.4 eV) 
intrinsic absorptions, respectively [38].

Mott-Schottky plots of C3N4 nanosheets and CdS QDs 
were obtained through impedance spectroscopy analysis. 
According to the Mott-Schottky plots, the flat-band poten-
tial of the C3N4 nanosheets and CdS QDs could be deter-
mined, and the valance or conduction band potential could 
be reflected. Furthermore, the negative and positive slopes 
of the linear part of the curves indicate the p-type and n-type 
semiconductor behaviors, respectively [39]. As shown in 
Fig. 4A, the plot of the C3N4 nanosheets exhibits a negative 
slope, confirming its p-type semiconductor behavior with 
holes acting as the majority charge carrier. Figure 4B shows 
that CdS QDs exhibit a positive slope, indicating their n-type 
behavior, with electron acting as the majority charge car-
rier. Therefore, when the electrode was modified with C3N4 
nanosheets or CdS QDs, different types of the peak currents 
could be obtained in the PEC test.

Electrochemical characterization of the constructed 
biosensor

To explore the stepwise assembly of the modified elec-
trodes, cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS) were conducted in the 

electrolyte containing [Fe(CN)6]4−/3− (0.5 mM) and KCl 
(1 M) [40]. As shown in Fig. 5A, GCE exhibited a pair of 
[Fe(CN)6]4−/3− standard redox peaks (curve a). After the 
GCE was modified with AuNPs/C3N4 nanosheets (curve 
b), the peak currents of [Fe(CN)6]4−/3− decreased margin-
ally, which can be explained by the C3N4 nanosheet with 
poor conductivity slowing electron transfer between the 
working electrode and solution. When H1 was immobi-
lized onto AuNPs/C3N4 nanosheets (curve c), the redox 
peak currents of [Fe(CN)6]4−/3− further decreased, and 
the peak potential shifted. H1 was assembled successfully 
through Au–S bonding. Thereafter, the above-modified 
electrode was incubated with MCH (curve d) to seal 
nonspecific adsorption sites and the redox peak currents 
decreased again. Finally, miRNA-21 and H2-CdS QDs 
were incubated with the above electrode (curve e). As a 
result, the redox peak currents of [Fe(CN)6]4−/3− greatly 
decreased. This should be because of the poor conduc-
tivity of miRNA-21 and H2-CdS QDs and the stronger 
repulsion between [Fe(CN)6]4−/3− and the surface of the 
miRNA-21- and H2-CdS QDs-modified working elec-
trode. Simultaneously, it could be demonstrated that the 
electrode was constructed successfully.

The EIS results were consistent with the cyclic vol-
tammograms and are shown in Fig. 5B. According to 

Fig. 3   (A) UV–vis absorption 
spectra and the corresponding 
(B) Tauc plots ((αhv)2 vs hv 
plots) of (a) C3N4 nanosheets 
and (b) MPA-capped CdS QDs

Fig. 4   Mott-Schottky plots of 
(A) C3N4 nanosheets and (B) 
CdS QDs
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the Nyquist plots inserted, the electron-transfer resist-
ance and solution resistance could be obtained [41]. 
Each step of the assembly of the working electrode 
inhibited the electron transfer between the electrode 
and solution. This indicates that the electrode was well 
modified and that the platform for detection was pre-
pared successfully.

Feasibility of the proposed strategy for the miRNA 
diagnosis

To study the feasibility of the constructed miRNA detection 
platform, the working electrodes modified with or without 
target miRNA were compared in the PEC test. As shown 
in Fig. 6, the peak current was a reduction current when 
the working electrode was modified without target miRNA-
21 (curve a). The C3N4 nanosheets were p-type semicon-
ductors in the PBS (pH = 6), as demonstrated by the Mott-
Schottky curve. In contrast, an oxidation peak current could 
be observed in the presence of target miRNA-21. This could 
be caused by the miRNA-21-triggered CHA reaction, and 
the n-type semiconductor CdS QDs were immobilized onto 
the working electrode. Therefore, the proposed biosensor 
could detect the target miRNA-21.

Optimization of the experimental conditions

To obtain the designed biosensor with optimal analytical 
performance, the concentration of H1 used for electrode 
modification and the incubation time of the CHA reac-
tion were studied. First, H1 at different concentrations was 
dropped onto the AuNPs/C3N4 nanosheet-modified GCE. As 
shown in Fig. 7A, as the concentration of H1 increased, the 
impedance of the electrode gradually increased and gradu-
ally reached a plateau. Therefore, 10 μM H1 was utilized to 

Fig. 5   (A) Cyclic voltam-
mograms and (B) EIS Nyquist 
plots (the insert is the equiva-
lent circuit of the Nyquist plots) 
of different modified electrodes. 
(a) GCE, (b) GCE/AuNPs/C3N4 
nanosheets, (c) GCE/AuNPs/
C3N4 nanosheets/H1, (d) GCE/
AuNPs/C3N4 nanosheets/H1/
MCH, and (e) GCE/AuNPs/
C3N4 nanosheets/H1/MCH/
miRNA-21/H2-CdS QDs

Fig. 6   I-T curves of the proposed photoelectrochemical biosensor in 
the (a) absence and (b) presence of miRNA-21

Fig. 7   (A) Effect of H1 
concentrations on Ret and (B) 
photocurrent response to the 
biosensor prepared with differ-
ent incubation times
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modify the working electrode in the following experiments. 
In addition, the CHA reaction was affected by the incuba-
tion time [42]. Therefore, H1, miRNA-21, and H2-CdS QDs 
were incubated at different times to modify the working 
electrode. As shown in Fig. 7B, when the incubation time 
reached 2 h, the photocurrent was almost saturated, so the 
optimal incubation time was determined to be 2 h.

Analytical performance of the constructed PEC 
platform

After optimizing the experimental parameters of the pro-
posed method, the performance of the miRNA analysis tech-
nique was investigated. Specifically, the working electrodes 
were modified with buffer with different concentrations of 
target miRNA-21 in the buffer. Then, the corresponding I-T 
curves were recorded at 0 V vs SCE with visible light. As 
shown in Fig. 8A, the peak current changed from a reduction 
peak current to an oxidation current when the electrode was 
constructed with target miRNA-21. In addition, the oxida-
tion peak currents gradually became larger with increasing 
concentrations of miRNA-21. A good linear relationship 
between the logarithm of the miRNA-21 concentrations 
and the oxidation photocurrents is displayed in Fig. 8B. The 
corresponding linear regression equation was Ip (μA) = 0.03 
logC + 0.0018 (where Ip represents the photocurrent and C is 
the concentration of the target miRNA-21 with R2 = 0.9892). 
The limit of detection (LOD) was calculated to be 92 aM 
(signal/noise = 3). Compared with other methods used for 
the determination of miRNA (Table S2), our designed plat-
form in this strategy showed a lower LOD and wider linear 
range from 100 aM to 100 pM. Even though the photocur-
rent showed a downward trend as the target concentration 
increased, it only represented the change in the current state. 
This result is different from a previous report in the literature 
showing that the increased impedance decreased the current. 
In the absence of the target, some nonspecific substances 
may be adsorbed, which may cause the current to drop. 
However, no oxidation photocurrent could be generated 

when the CHA reaction was not triggered. Therefore, this 
strategy may better eliminate the interference of nonspecific 
adsorption and avoid the generation of false-positive signals.

Selectivity, reproducibility, and stability 
of the constructed biosensor

To explore the selectivity of the developed biosensor, dif-
ferent RNAs, such as single-base mismatched target, three-
base mismatched target, and noncomplementary RNA with 
a concentration of 1 nM were utilized to replace the target 
miRNA-21 (100 pM) to modify the electrodes. The mixed 
sample was composed of all the interfering RNA and the tar-
get miRNA-21. As shown in Fig. 9A, weaker photocurrents 
were observed in all the interference experiment groups 
except for the sample group containing target miRNA-21. 
The CHA reactions were difficult to trigger by these interfer-
ences even though the concentrations of other RNAs were 
higher than the target miRNA-21 concentration and the pho-
tosensitizer could not be immobilized onto the electrode. 
Thus, the results indicated that the biosensor constructed by 
this strategy had a good selectivity.

Furthermore, the stability of the biosensor was studied. 
The constructed biosensor of the target miRNA-21 was 
stored at 4 ℃ for 30 days. The photocurrents could retain 
92% of the original value. In addition, the photocurrent 
response after 15 constant cycles was determined, with a 
relative standard deviation (RSD) of 3.13% (Fig. 9B). There-
fore, the results demonstrated the good stability and repeat-
ability of the constructed biosensor.

Detection in actual serum samples

To explore the applicability of the constructed platform 
in complex biological systems, standard addition experi-
ments were carried out in real samples. MiRNA-21 at vari-
ous concentrations was added to human serum samples to 

Fig. 8   (A) I-T responses of con-
structed biosensors incubated 
with different concentrations of 
miRNA-21: (a) blank, (b) 100 
aM, (c) 1 fM, (d) 10 fM, (e) 100 
fM, (f) 1 pM, (g) 10 pM, (h) 
100 pM, (i) 1 nM, and (j) 10 nM 
in PBS. (B) Corresponding cali-
bration plot for the photocur-
rents vs miRNA-21 concentra-
tions. Error bars = RSD (n = 5)
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modify the electrodes, and the corresponding photocur-
rents are recorded in Table S3. The calculated recovery 
was distributed in the range of 95.45 to 103.95%, and the 
relative standard deviation was 3.12–4.88%. Therefore, the 
studies demonstrated that the constructed PEC biosensor 
has excellent stability and good sensitivity, which indi-
cated the great feasibility of the designed biosensor in the 
determination of miRNA.

Conclusion

In conclusion, a photoelectrochemical biosensor was 
designed and constructed for the detection of miRNAs. 
The CHA reaction was triggered by the target miRNA, 
and the energy band positions matched AuNPs/C3N4 
nanosheets and CdS QDs were assembled. In addition, the 
designed hairpin probe enabled CdS QDs to be located on 
the C3N4 nanosheet. In addition, p-type C3N4 nanosheets 
and n-type CdS QDs generated a reduction photocurrent 
and oxidation photocurrent, respectively, that could elimi-
nate the interference of nonspecific adsorption and avoid 
the generation of false-positive signals. Furthermore, the 
designed biosensor showed good selectivity, reproducibil-
ity, and excellent stability in the analysis of serum sam-
ples, which indicates its good application prospects. In the 
future, we believe that the test time of this strategy could 
be further improved with the assistance of an enzyme or 
DNAzyme.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00604-​022-​05168-x.
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