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Abstract
Herein, a microfluidic self-powered photoelectrochemical (PEC) aptasensor integrated with colorimetric analysis was 
constructed using the MOF-818 nanozyme as a multifunctional signal tag to achieve ultrasensitive detection of micro-
cystin-LR (MC-LR). Firstly, the photoactive material TiO2/AgSbS2 (TOAS) served as a photoanode that stably provided 
electrons to the CuInS2 (CIS) photocathode, generating a stable cathodic photocurrent. Second, dual signal amplification 
was achieved through a complementary DNA (cDNA)-induced DNA strand displacement reaction (SDR) and the effi-
cient cascade catalytic activity of the MOF-818 nanozyme. MOF-818 with superoxide dismutase (SOD)-like and catalase 
(CAT)-like activity can catalyze the cascade reaction of superoxide anion (·O2

−), significantly enhancing photocurrent. In 
the detection of MC-LR, the aptamer specifically binds to MC-LR, releasing cDNA and triggering a DNA cycle ampli-
fication reaction, thus significantly enhancing the output signal. Third, based on the excellent peroxidase-like activity of 
the MOF-818 nanozyme, the constructed biosensor could achieve 3,3’,5,5’-tetramethylbenzidine (TMB)-mediated colori-
metric detection. Thus, based on the synergistic amplification effect of SDR and the cascade catalysis effect of nanozyme, 
the microfluidic chip-based PEC/colorimetric detection of MC-LR was realized, with detection limits of 0.59 and 4.2 pg/
mL, respectively. Furthermore, the constructed sensor enabled ultrasensitive detection of MC-LR in lake water and milk 
samples.
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Microcystin (MC), a group of monocyclic heptapeptide, is 
the most widely distributed and extensively studied toxins 
produced by cyanobacterial toxins [1–4]. Among hundreds 
of known microcystins, microcystin-LR (MC-LR), which 
is one of the most widely distributed and harmful due to 
its strong hepatotoxicity, seriously affects water safety 
and human health [5–7]. Common methods for analyzing 
MC-LR include liquid chromatography–mass spectrometry 
(LC–MS) [8], the enzyme-linked immunosorbent assay 
(ELISA) [9], and Raman spectrometry [10]. However, 
these methods usually require high instrumental costs or 
time costs. Therefore, developing a more rapid and sensi-
tive MC-LR analysis method that offers simple operation 
remains a serious challenge.

Photoelectrochemical (PEC) technology has attracted 
considerable interest due to its low background signal, high 
sensitivity, and excellent stability [11–13]. Compared with 
the traditional three-electrode system, the dual-electrode 
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self-powered PEC system has a simpler structure and bet-
ter anti-interference capability [11]. Thanks to advances in 
sensing technology and materials science, many innovative 
self-powered PEC sensors have been developed for various 
applications, including clinical diagnosis, food safety, and 
environmental evaluation [14–16]. The selection of materi-
als with strong PEC activity is crucial for constructing self-
powered sensors. TiO2 with high photocatalytic activity 
has been widely used as a photoactive substrate but suffers 
from defects such as low visible light utilization [17, 18]. 
To further improve the photoelectric conversion efficiency 
of TiO2, AgSbS2 (which has a high light absorption coeffi-
cient of α ≈ 105 cm− 1 [19]) was used as a sensitizer for TiO2. 
The resulting TiO2/AgSbS2 (TOAS) composites showed 
excellent photoelectric activity. The p-type semiconductor 
CuInS2 (CIS) is an ideal substrate material for photoelectric 
sensing owing to its excellent photoelectric activity and sta-
bility [20, 21]. In this paper, MC-LR detection was achieved 
without an applied voltage by employing the TOAS pho-
toanode to supply electrons to CIS photocathode. More 
importantly, to further enhance detection performance, 
this system was integrated into a microfluidic sensing plat-
form, which offers advantages such as miniaturization, low 

reagent consumption, simple operation, and enhanced sen-
sitivity and accuracy [22].

In photocathode systems, the key process that determines 
the output signal is the consumption of photogenerated elec-
trons by dissolved O2 to produce ·O2⁻ [23]. Eliminating ·O2

− 
or supplying more O2 can thus achieve signal amplification. 
Inspired by this, we employed the MOF-818 nanozyme with 
superoxide dismutase (SOD)-like and catalase (CAT)-like 
activities to quench ·O2

− by converting it into H2O2 and O2. 
The generated H2O2 was subsequently decomposed into 
H2O and O2 by the CAT activity of the enzyme, thereby 
promoting electron capture and signal enhancement [24]. To 
further improve the sensitivity of sensors, DNA-based signal 
amplification strategies involving DNA strand displacement 
reactions (SDRs), rolling circle amplifications (RCAs), and 
exonuclease III (Exo-III)-assisted cycle amplification have 
become a research hotspot due to their high specificity and 
signal amplification efficiency at low cost [25–29]. Accord-
ingly, a dual signal amplification strategy combining SDR 
and the MOF-818 nanozyme was developed (Fig.  1a and 
b). Besides, the construction process of the microfluidic 
biosensor was shown in Fig. 1c and the detailed fabrication 
procedures were provided in the Supplementary Material. 
The presence of MC-LR triggered aptamer binding, which 

Fig. 1  a Magnetic separation 
process, b schematic diagram 
of DNA cycle reaction, and c 
microfluidic biosensor construc-
tion diagram
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in turn released complementary DNA and initiated an SDR 
cycle, enabling efficient target recycling. Meanwhile, the 
peroxidase (POD)-like activity of MOF-818 enabled colori-
metric detection, providing a complementary signal readout 
that minimizes external interference and improves the reli-
ability of results [30].

The synthesis procedures of TiO2/AgSbS2 microelec-
trodes, CuInS2 photocathode, and the MOF-818-H2 probe 
were described in the Supplementary Material. The DNA 
preconditioning process can be seen in the Supplementary 
Material.

The crystal structures of the material were analyzed by 
X-ray diffraction (XRD). As depicted in Fig. 2a, the XRD 
patterns of TiO2 show distinct peaks at 2θ values of 25.28°, 
37.84°, 48.04°, and 62.72°, which correspond to the (101), 
(004), (200), and (204) faces of TiO2 (JDPDS No. 21-1272), 
respectively. For TOAS, the peaks at 27.34°, 31.68°, and 
45.30° are attributed to the (111), (200), and (220) crystal 
planes of AgSbS2 (JCPDS No. 17–0456), indicating that 
the synthesis of TOAS was successful. Meanwhile, scan-
ning electron microscopy (SEM) was used to character-
ize the morphology of the material. The SEM image in 
Fig. 2b indicates that TiO2 exhibits a nano-pompon struc-
ture consisting of ultrathin nanoflakes. After modification 
with AgSbS2, uniformly distributed AgSbS2 particles were 
observed on the surface of TiO2 nano-pompons (Fig. 2c). 
The presence of Ti, O, Ag, Sb, and S elements in the SEM 

mapping diagram in Fig. S2 further proves the successful 
preparation of TOAS.

The XRD diffraction peaks of the prepared MOF-818 
are basically consistent with the simulated MOF diffrac-
tion peaks (Fig. 2d). And the SEM image in Fig. 2e displays 
the octahedral morphology of MOF-818, which is further 
verified by the TEM image (Fig. 2f). In addition, the SEM 
elemental mapping results (Fig. S3) of MOF-818 prove the 
uniform distribution of elements such as Cu, Zr, C, N, and 
O, indicating that the preparation of MOF-818 was success-
ful. The hydrodynamic diameter of MOF-818 is approxi-
mately 210 nm as measured using dynamic light scattering 
(Fig. 2g). For the surface chemical properties of MOF-818, 
the XPS spectrum (Fig. 2h) reveals the presence of Cu, Zr, 
C, N, and O.

In addition, the feasibility of the colorimetric method 
based on the MOF-818 nanozyme was verified through 
comparative experiments. Figure 2i demonstrated the ultra-
violet–visible (UV–vis) absorption spectra of phosphate 
buffered solution (PBS) containing 50 mmol/L H2O2 and 
20 mmol/L TMB in the presence and absence of MOF-818. 
The MOF-818 nanozyme exhibited efficient peroxidase-
like activity, oxidizing colorless TMB to the blue oxTMB 
through the catalytic action of H2O2. Based on this prop-
erty, colorimetric monitoring of MC-LR was accomplished. 
Finally, to verify the superiority of the microfluidic sensing 
chip, a comparison was made with a conventional detection 
system. As shown in Fig. S4, the smaller reaction volume of 

Fig. 2  a XRD patterns of TiO2 
and TOAS; SEM images of 
b TiO2 and c TOAS. d XRD 
pattern, e SEM image, f TEM 
image, g hydrodynamic diameter 
distribution, and h XPS spectrum 
of MOF-818; i UV–vis absor-
bance spectra of PBS (50 mmol/L 
H2O2 and 20 mmol/L TMB) 
in the absence and presence of 
MOF-818 nanozyme
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the microfluidic chip allowed the catalytic activity of MOF-
818 to be exploited more fully, resulting in a stronger signal. 
Polyacrylamide gel electrophoresis (PAGE) was utilized to 
assess the DNA reaction process (Fig. S5). Additionally, 
Fig. S6 shows the photocurrent signal changes and inter-
facial properties during sensor construction, indicating that 
the sensor had been successfully prepared.

UV–vis diffuse reflectance spectroscopy and Mott–
Schottky curves (Fig. S7) confirmed that the TOAS photo-
anode formed a well-matched heterojunction that supplied 
electrons to the photocathode. Under visible light, photo-
generated electrons at the photocathode were captured by 
dissolved O2 (Eqs. 1 and 2), whereas holes were consumed 
by photoanode electrons, boosting carrier separation and 
amplifying photocurrent (Fig. 3a). The electron spin reso-
nance (ESR) experiment shown in Fig. S8 revealed that only 
·O2

− production was only detected under light conditions, 

proving the validity of the speculation in Eq. 2. Following 
the DNA cycle amplification reaction, the MOF-818 modi-
fied photocathode consumed ·O2

− to produce H2O2 and O2 
(Eq. 3) and then catalyzed the decomposition of H2O2 into 
H2O and additional O2 (Eq.  4). The generated O2 could 
trap more photogenerated electrons, further enhancing the 
photocurrent signal. Additionally, the MOF-818 nanozyme 
enabled colorimetric detection via its oxidase-like activity, 
catalyzing the oxidation of TMB to produce blue oxTMB 
(Fig. 3b).

CuInS2 + hv→ h++ e−� (1)

O2 + e− → ⋅O−
2 � (2)

⋅O−
2

MOF-818⟶ H2O2 +O2
� (3)

Fig. 3  Possible mechanisms of the designed dual-mode biosensor: a PEC method and b colorimetric method
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H2O2
MOF-818⟶ H2O +O2

� (4)

Under optimal experimental conditions (Fig. S9), the sen-
sitive PEC/colorimetric detection of MC-LR was accom-
plished. As shown in Fig.  4a, the photocurrent intensity 
is enhanced with increasing MC-LR concentration. In 
the range of 0.001–100 ng/mL (Fig. 4b), the photocurrent 
exhibited a good linear relationship with the logarithm of the 
MC-LR concentration (I = − 0.6276lgc − 6.683, R2 = 0.994). 
The detection limit of the PEC method was as low as 0.59 
pg/mL (signal-to-noise ratio, S/N = 3). Meanwhile, the colo-
rimetric method has shown satisfactory results. As shown in 
Fig. 4c, as the MC-LR concentration increased, the solution 
gradually changed from colorless to blue and the intensity 
of the absorption peaks in the UV–vis absorption spectrum 
increased. As shown in Fig. 4d, the calibration curve for the 
colorimetric method is F = 0.1983lgc + 0.7599 (R2 = 0.993) 
in the range of 0.01–150 ng/mL, with a detection limit of 
4.2 pg/mL (S/N = 3). Remarkably, the proposed dual-mode 
sensor not only enhanced the reliability of the detection 
results but also demonstrated significant advantages over 
other detection methods (Table S3).

Selectivity, reproducibility, and stability are important 
criteria for evaluating the performance of biosensors [31]. 
The selectivity of the proposed biosensors was evaluated 
by choosing different interferents. As shown in Fig.  4e, 

the detection signal of the sensor for 5 ng/mL MC-LR did 
not change significantly under the interference level of 
500ng/mL of estradiol (E2), ochratoxin A (OTA), bisphenol 
A (BPA), aflatoxin B1 (AFB1), and progesterone (P4). At 
the same time, the signal strength of the sensor when detect-
ing interferences alone was nearly identical to the blank 
value. The above results demonstrate the high selectivity 
of the proposed biosensor. Five independent sensors were 
constructed to detect MC-LR (5 ng/mL). As shown in Fig. 
S10, the relative standard deviation (RSD) of the detection 
results is 2.06%, proving the good reproducibility of the 
constructed sensor. Additionally, the operational stability of 
the sensor was assessed. The PEC intensity did not change 
significantly under ten light-source switching cycles (Fig. 
S11), demonstrating the good stability of the constructed 
sensor. Finally, the storage stability of the designed biosen-
sor was evaluated. As shown in Fig. 4f, after storage at 4 °C 
for 6 days, the photocurrent retained 96.7% of its initial 
value, demonstrating the excellent storage stability of the 
as-proposed PEC immunosensor. In addition, the sensing 
performance in colorimetric mode was also evaluated (Fig. 
S12) and this mode showed good selectivity, reproducibil-
ity, and stability.

The standard addition method was used to validate the 
feasibility of the microfluidic PEC sensing platform in 
real samples. Firstly, LC-MS was utilized to analyze the 

Fig. 4  a Photocurrent response and b calibration curve for MC-LR 
PEC determination in the range of 0.001–100 ng/mL; c UV–vis spec-
trum and d calibration curve for MC-LR colorimetric determination in 

the range of 0.01–150 ng/mL; e Selectivity and f storage stability tests 
of the microfluidic biosensor. (cMC−LR = 5 ng/mL, error bar = SD, n = 5)
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concentration of MC-LR in lake water and milk. MC-LR 
was not detected in any of the tested samples, as indicated 
by the results. Based on this, MC-LR was spiked into lake 
water and milk at concentrations of 0.4, 0.8, and 1.2 ng/mL. 
The detection results are shown in Table S4. The constructed 
biosensor showed a MC-LR recovery of 97.5%–101.3% in 
lake water, with RSDs of 2.0%–3.8%. Spiked recoveries in 
milk were 98.8%–102.5%, with RSDs of 1.6%–3.8%. The 
above results demonstrate the potential feasibility of the 
dual-mode aptasensor reported in this work for water qual-
ity monitoring.

In summary, a dual-mode microfluidic biosensor was 
proposed for the ultrasensitive detection of MC-LR using 
the PEC/colorimetric method. The detection signal was 
amplified twice using the cDNA-triggered DNA strand sub-
stitution reaction and the excellent enzyme catalytic activity 
of the MOF-818 nanozyme. Notably, the MOF-818 nano-
zyme can consume superoxide radicals and convert them 
to O2, capturing more electrons, as well as catalyzing the 
TMB-based chromogenic reaction. Thus, biosensors that 
combine the advantages of microfluidic miniaturization 
and automation exhibited good detection performance for 
MC-LR, with detection limits as low as 0.59 pg/mL (PEC) 
and 4.2 pg/mL (colorimetric). The dual-mode microfluidic 
biosensor developed in this study showed good selectiv-
ity and stability, achieving sensitive detection of MC-LR 
standard samples in lake water and milk. The present work 
provides a new approach for the pollution of water and envi-
ronmental pollution.
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