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Abstract

:

Fumonisin B1 (FB1) is a toxin produced by the metabolism of Fusarium oxysporum, which can cause serious effects on the nervous, respiratory, digestive, and reproductive systems of humans or animals; it is known as one of the highly toxic epidemic contaminants. Herein, we report the visual inspection of FB1 using bipolar electrodes (BPEs) with an array-based electrochemiluminescence (ECL) platform. The sensor consists of a PDMS cover and a glass substrate containing an array of 10 ITO electrodes. A specific sensing interface was constructed on the cathode of the BPE, which could modulate the ECL reactions that occurred at the anode of BPEs. To amplify the ECL signal, methylene blue (MB)-encapsulated Zr-MOFs (MB@Zr-MOFs) were synthesized and immobilized on the cathode of the BPE, which could amplify the ECL signal at the anode. By coupling the cyclic amplification effect of the DNA walker and nicking endonuclease (Nb.BbvCI), the biosensor can realize the visual measurement of FB1 in the range of 5 × 10−5~0.5 ng/mL. In addition, the developed biosensor was used to monitor the concentration of FB1 in maize and peanut samples. The recoveries were in the range of 99.2%~110.6%, which demonstrated the good accuracy of the designed BPE-ECL biosensor for FB1 assay in food samples.
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1. Introduction


There has been growing attention to the contamination of foodstuffs caused by mycotoxins with the rapid development of agriculture and animal husbandry [1]. Mycotoxins are widely found in moldy agricultural products and their processed products, which can enter human and animal bodies through the food chain and thus cause a variety of diseases [2,3]. It is estimated by the Food and Agriculture Organization of the United Nations that 25% of global agricultural crops are contaminated by mycotoxins [2]. Among various mycotoxins, fumonisin B1 (FB1) has been identified as one of the most toxic mycotoxins, capable of disrupting sphingolipid metabolism, destroying the immune system, and increasing the risks of cancer. It is produced by Fusarium species and contaminates different grains such as maize, wheat, rice, and sorghum [4]. In addition, a considerable proportion of FB1 contamination is attributed to inappropriate storage conditions. The tolerable level established by the European Union for cereals and maize is 2 μg/kg and 5 μg/kg, respectively [5]. A survey performed by González-Arias on 43 rice samples and 25 maize samples revealed that FB1 wasn’t detected in polished rice samples; however, both field maize and market maize samples were contaminated with FB1 [6]. Therefore, the development of sensitive analytical devices for the measurement of FB1 in agricultural products is crucial for point-of-care diagnosis [7].



Up to now, versatile sensitive biosensors have been explored for accurate detection of mycotoxins using electrochemical [8,9] and optical transduction mechanisms [10,11,12]. Among them, electrochemiluminescence (ECL) as a sensitive optical analytical technique that combines the properties of electrochemical and luminescence has attracted great attention due to its unique advantages, such as high sensitivity and spatial controllability [13,14,15,16]. Additionally, the intensive ECL signal could easily be observed by the naked eye, which enabled visual readouts of targets. ECL biosensors, especially sensors based on bipolar electrode (BPE) arrays, have been quickly developed in recent years. By transducing the faradic current into an optical signal, the BPE-ECL platform based on an electrode array can realize the simultaneous screening of multiple targets in a single device using simple optical equipment (e.g., smartphone and digital camera) and then analyzed with appropriate software [17,18,19,20].



To achieve sensitive detection, various powerful signal amplification methods such as nucleic acid-assisted amplification [21], enzyme catalysis amplification strategies [22,23], nanomaterial-assisted methods [24,25], and electroactive species-based technologies [26,27] have been integrated into the BPE-ECL device to realize sensitive measurement. For example, the introduction of electroactive substance (thionine)-covalent organic frameworks at the cathode of the BPE could reduce the external voltage for driving the ECL reactions at the anode of the BPE and greatly amplify the ECL intensity [28]. Furthermore, some researchers reported the integration of multiple amplification strategies in order to achieve remarkable enhancement of ECL sensitivity [25,29]. Ge et al. reported a paper-based BPE-ECL device using the synergistic effects of the excellent catalytic activity of AuPd NPs and the hybridization chain reaction to realize the detection of miRNA-155 with a low detection limit of 0.67 pM [25].



Herein, a novel ECL device based on a 10 BPE array was prepared for the simultaneous measurement of mycotoxin. The ECL signal emitted from the anodes of the BPE could be simultaneously recorded by a CCD camera. To improve the sensitivity of the biosensor, methylene blue (MB) was embedded in zirconium-based metal–organic frameworks (Zr-MOFs). Zr-MOFs are an ideal carrier for the immobilization of electroactive dyes and biomolecules due to their unique properties, such as water stability, good stability, large surface area, and tunable surface chemistry, making them an excellent candidate in the construction of biosensors [30]. When the cathode of the BPE was exposed to MB@Zr-MOFs, the reduction current could be greatly improved due to the accumulation of a large number of MB molecules, leading to a significant enhancement of the ECL signal due to the charge neutrality of the BPE. In the presence of the target, the DNA walker was activated, which led to the continuous release of MB from the electrode surface with the assistance of nicking endonuclease. As a result, the BPE array-based ECL biosensor with dual-signal amplification strategies exhibited a good detection performance for screening of FB1 measurement. Additionally, the biosensor successfully evaluated FB1 contamination in corn and peanut samples with satisfactory stability and recovery. The portable BPE sensors array based on ECL imaging opens up a new avenue toward simultaneous screening of multiple mycotoxins in a sample.




2. Materials and Methods


2.1. Reagents


Multi-wall carbon nanotubes (MWCNTs) with a diameter of 10–20 nm (10–30 μm in length, purity 95%) were supplied by Nanjing XFNANO Materials Tech Co., Ltd. Polydimethylsiloxane (PDMS), Nanjing, China; the monomer and curing reagent (Sylgard 184) were provided by Dow Corning (Midland, MI, USA). The screen stencil (hole diameter of 0.5 mm) was acquired from a nearby shop. Dibutylaminoethanol (DBAE) was purchased from Shanghai Energy Chemical Co., Ltd. (Shanghai, China). ZrCl4, HAuCl4, dodecanoic acid, and 6-mercapto-1-hexanol (MCH) were purchased from Aladdin. N, N-dimethylformamide (DMF) was purchased from Guangzhou Jinhua Chemical Reagent Co., Ltd. (Guangzhou, China). 2-aminoterephthalic acid (H2N-BDC) was purchased from Shanghai Maclin Biochemical Technology Co., Ltd. (Shanghai, China). Screen printable etching paste (TP-005-4HC) was acquired from ShenZhen LaiYuan Technology Developing Co., Ltd. (Shenzhen, China). Tris (2-carboxyethyl) phosphine hydrochloride (TCEP), Tris(2,2′-bipyridyl)ruthenium-(II) dichloride hexahydrate (Ru(bpy)3Cl2·6H2O), fumonisin B1 (FB1), ochratoxin A (OTA), aflatoxin G1 (AFG1), aflatoxin B1 (AFB1), and zearalenone (ZEA) were provided by Sigma-Aldrich, St. Louis, MO, USA. An amount of 10 mM PBS (phosphate buffer solution, pH 7.4) was supplied by Jiangsu Kaiji Biotechnology Co., Ltd. (Nanjing, China). All of the DNA oligonucleotides were purchased from Shanghai Shenggong Biological Co., Ltd. (Shanghai, China); they are listed below.



DNA walker: 5′-SH-(CH2)6-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGAATAAGCTGGTATCCTCAG C-3′



Aptamer: 5′–TGAGGATACCAGCTTATTCAATTAATCGCATTACCTTATACCAGCTTATTCAATTACGTCTGCACATACCAGCTTATTCAATTAGATAGTAAGTGCAATCT-3′



Capture DNA (cDNA): 5′-SH-(CH2)6-TTTTTTGC*TGAGGTT-(CH2)6-NH2-3′




2.2. Instruments


An MS23 CCD camera (Guangzhou Mingmei Technology Co., Ltd. Guangzhou, China) was used to capture ECL images. The UV–vis spectra were measured using an Ensight multi-mode plate reader (Perkin Elmer, Waltham, MA, USA). Transmission electron microscopy (TEM) was acquired using an FEI Tecnai G2 F20 apparatus. Two MWCNTs/PDMS fibers (diameter 1 mm) were used as driving electrodes and connected to a power supply.




2.3. Synthesis of Zr-MOFs and MB@Zr-MOFs


Zr-MOFs were synthesized according to the literature with minor modifications [31,32]. Briefly, 0.048 g zirconium chloride and 1.44 g dodecanoic acid were dissolved in 12 mL of DMF and ultrasonicated for 25 min to obtain a clarified solution, then 0.0186 g 2-aminoterephthalic acid (H2N-BDC) was added and ultrasonicated again for 5 min. After that, the mixture was transferred to a hydrothermal reactor and the reaction was continued for 48 h in an oven at 120 °C. The obtained product was centrifuged at 8000 r/min for 5 min, washed 3 times with DMF and ethanol, and then dried at 60 °C to obtain Zr-MOFs (yellow powder).



For the preparation of MB@Zr-MOFs, 15 mg Zr-MOFs was mixed with 5 mL of methylene blue (1 mM) solution and shaken for 24 h, after which the product was centrifuged for 5 min at 8000 r/min. Finally, the sediment was washed with PBS several times to remove the excess MB and re-dispersed in 5 mL of PBS.




2.4. Preparation of ITO Array Electrodes


An array of bipolar electrodes was prepared using the screen-printed method according to our previous study [33]. Firstly, the pattern of the electrode array (10 electrodes, 0.15 cm × 1 cm) was designed using Adobe Illustrator and then sent to a local printing shop to fabricate a template with 200-mesh screens. Then, the screen printable etching paste was patterned on the ITO substrate (10 cm × 8 cm) with the help of the template. The patterned ITO substrate was heated to 120 °C and kept for 2 h to etch the ITO layer underneath the etching glue. After washing with water, the electrode was sonicated in isopropanol solution and ultrapure water for 15 min to remove the etching glue and other impurities from the electrode surface. The cleaned ITO was dried at 60 °C and stored in a clean environment before use.




2.5. Preparation of Au/ITO Array Electrodes


Au NPs were deposited on one pole of the ITO array electrode using a bipolar electrodeposition method [34]. An open BPE electrochemical cell was prepared as follows. A PDMS slice was prepared by mixing the monomer and curing agent in a ratio of 10:1. After degassing, the mixture was poured into a flat glass substrate and heated at 80 °C for 1 h. The PDMS slice was peeled off from the glass substrate and a rectangular reservoir (9 cm × 2 cm) was fabricated on the PDMS slice using a knife. Then, the PDMS slice was attached to the ITO electrode array surface. Two Pt wires were placed at the two ends of the reservoirs to serve as driving electrodes and connected to the external power supply. An amount of 3 mL of HAuCl4 solution was introduced and a constant voltage was applied for 1 min to trigger the simultaneous deposition of Au NPs on the cathode pole of the BPE. The Au/ITO electrode array was then washed with ultrapure water and dried at 60 °C.




2.6. Preparation of DNA Mix


The DNA mix contains MB@Zr-MOFs/cDNA and double-stranded DNA (dsDNA). MB@Zr-MOFs/cDNA was prepared by using glutaraldehyde as a linker molecule. An amount of 5 mL of MB@Zr-MOFs was treated with 2.5% glutaraldehyde under continuous shaking for 4 h. The glutaralized MB@Zr-MOFs were washed with PBS three times and dispersed in 5 mL of PBS. An amount of 75 μL of cDNA (20 μM) was pretreated with 75 μL TCEP (10 mM) at 37 °C for 1 h to cleave the disulfide bonds and then conjugated on glutaraldehyde-chemical MB@Zr-MOFs (150 μL) by incubating at 37 °C for 4 h. The obtained MB@Zr-MOFs/cDNA was stored at 4 °C before use.



A total of 15 μL of DNA walker (20 μM) was reacted with 15 μL of TCEP (10 mM) at 37 °C for 1 h. Afterward, 15 μL of aptamer (20 μM) and 55 μL of PBS solution were introduced. The mixture was heated to 95 °C for 5 min, cooled naturally to room temperature, and then stored at 4 °C for 30 min to obtain dsDNA.



The DNA mix was prepared by introducing 300 μL of the above-prepared MB@Zr-MOFs/cDNA solution, 50 μL of TCEP (10 mM), and 50 μL of PBS solution to the dsDNA solution.




2.7. Fabrication of ECL Biosensor


Ten holes with a diameter of 2 mm were punched on a PDMS slice to act as reservoirs. Then, the PDMS slice was covered on the Au/ITO electrode array surface to construct a specific biosensing interface for FB1. The distance between each hole was specially designed so that each electrode was located in one reservoir.



A total of 20 μL of DNAmix solution was added into the reservoirs and incubated at 37 °C for 3 h. The obtained DNAmix/Au/ITO electrode was carefully washed with PBS. Then, the unreacted sites of the Au/ITO electrode were blocked by 20 μL of MCH (0.1 mM) at 37 °C for 1 h. After rinsing with PBS, the modified electrode was incubated with 20 μL of mixture solution containing Nb.BbvCI (10 U/20 μL), different concentrations of FB1, and 1× Cutsmart buffer solution at 37 °C for 3 h, followed by washing with PBS. The PDMS slice was removed, and the electrode was stored at 4 °C before ECL measurement.




2.8. ECL Imaging


A PDMS with two reservoirs (9 cm × 1.75 cm) was attached to the ITO BPE array to fabricate a closed BPE-ECL device for ECL imaging (Figure S1). The distance between these two reservoirs was 5 mm. MWCNTs-PDMS fibers with a diameter of 1 mm were glued on the PDMS slice to serve as driving electrodes. They were prepared according to our previous work [35] and connected to a CHI660E electrochemical workstation.



The reservoir containing the anode of the BPE array was filled with 2 mL of Ru(bpy)32+ (5 mM)/DBAE (50 mM) solution, and the cathode of the BPE was immersed in PBS. ECL images were captured using a microscope equipped with a CCD in a dark environment with an exposure time of 10 s. ECL intensity was analyzed using Image-Pro Plus 6.0. ECL–potential curves were obtained using an MPI-E electrochemiluminescence analyzer (Xi’An Remax Electronic Science &Technology Co. Ltd., Xi’an, China).




2.9. Real Sample Detection


Corn and peanuts were purchased from local markets and pretreated following the reported literature [36]. Samples were grounded into powder, filtered through a 20-mesh sieve, and then dispersed into methanol. Different concentrations of FB1 standard solutions were spiked into 1 mL of sample (1 g)/methanol solution. After the complete evaporation of solvent at room temperature, the sample was extracted with methanol/water (2:8, v/v) solution by ultrasonication for 15 min. The suspension was collected by centrifugation and diluted into 50 mL with PBS. The concentration of FB1 was then measured with the fabricated biosensor.





3. Results and Discussion


3.1. Principle of the BPE- ECL Biosensors Array for FB1 Detection


Scheme 1 illustrates the fabrication process and detection mechanism of the BPE-ECL biosensor array. cDNA was labeled with MB@Zr-MOFs (Scheme 1A). Aptamer was hybridized with a DNA walker to form double-stranded DNA (dsDNA), which was then mixed with cDNA/MB@Zr-MOFs to form a DNA mix solution (Scheme 1B). The cathodes of the ITO BPE were modified with Au NPs (Scheme 1C) through bipolar electrodeposition. The large surface area of Au NPs allows more DNA to be immobilized on the electrode surface; meanwhile, the excellent conductivity of Au NPs could amplify the ECL signal at the anode of the BPE. Then, the specific sensing interface detection of FB1 was constructed on the Au NPs’ surface. A DNA mix solution containing an aptamer–DNA walker duplex and MB@Zr-MOFs-labeled cDNA was immobilized on Au NPs. Owing to the accumulation of plenty of MB molecules on the cathode of the BPE, the reduction of MB can cause the enhancement of the ECL signal of Ru(bpy)32+/DBAE at the anode. In the presence of FB1, the competitive binding to aptamer between FB1 and the DNA walker forced the release of aptamer from the electrode surface, which initiated the walking process of the DNA walker. The hybridization of DNA walker with neighboring cDNA produced specific recognition sites for Nb. BbvCI nicking endonuclease cleaved cDNA into two short DNA fragments, causing the liberation of MB@Zr-MOFs-labeled DNA fragment from the cathode. As a result, the cyclic walking of the DNA walker and the continuous cleavage of cDNA could greatly improve the sensitivity of the biosensor.




3.2. Characterization of MB@Zr-MOFs


The morphology of MB@Zr-MOFs was studied using transmission electron microscopy (TEM). Figure 1A showed that the diameter of Zr-MOFs was about 70–80 nm, which is in agreement with the literature [26]. After the loading of MB (Figure 1B), the structure of the nanoparticles was not significantly changed. Meanwhile, the color of the MOFs turned from light yellow to blue (inset of Figure 1C), indicating the successful encapsulation of MB molecules in the Zr-MOFs. The UV-vis absorption spectra of Zr-MOFs and MB@Zr-MOFs were displaced in Figure 1C. Zr-MOFs have no obvious peak in the range from 400 to 800 nm (curve A). The MB solution exhibited a strong absorption peak at around 661 nm. The MB@Zr-MOFs (curve C) also displayed an obvious peak at the same position as the MB molecules (curve B).



FT-IR analysis was then conducted to obtain the characteristic functional groups in MB@Zr-MOFs (Figure 1D). MB exhibited characteristic peaks at 3308 cm−1 and 1606 cm−1, corresponding to the N-H stretching vibration and phenyl ring vibration. For Zr-MOFs, the peaks at 3328 cm−1 and 1578 cm−1 were related to the N-H stretching vibration and Zr-C=N MOF’s stretching vibration [37], respectively. When MB molecules were embedded into the Zr-MOFs (MB@Zr-MOFs), the characteristic peaks at 3447 cm−1 corresponding to the N-H stretching vibration could be observed. Additionally, the peak caused by the Zr-C=N MOF’s stretching vibration also appeared at 1564 cm−1.



The chemical composition of Zr-MOF and MB@Zr-MOF was analyzed using X-ray photoelectron spectroscopy (XPS). As can be seen from the full survey spectra in Figure 1E that both Zr-MOF and MB@Zr-MOF have C1s, O1s, N1s, and Zr3d peaks. Because of the combination of MB on Zr-MOF, a new peak corresponding to Cl2p appeared in the spectrum of MB@Zr-MOF. We could see from the high-resolution Zr3d spectrum of MB@Zr-MOF in Figure S2 that the Zr 3d peak could be divided into two peaks at 182.4 and 184.8 eV, corresponding to Zr 3d5/2 and Zr 3d3/2.



To further detect the specific surface area and porosity of Zr-MOFs and MB@Zr-MOFs, nitrogen adsorption–desorption isotherm analysis was carried out. The Brunauer–Emmett–Teller (BET) surface area and the pore volume of Zr-MOFs were 230.04 m2/g and 0.5568 m3/g, respectively. After the combination of MB molecules, the surface area and pore volume reduced to 138.09 m2/g and 0.4012 m3/g, respectively.




3.3. Feasibility of the BPE-ECL Device for FB1 Assay


The electrochemical performance of MB@Zr-MOFs and the feasibility of MB@Zr-MOFs-mediated ECL enhancement in the BPE system were then investigated using cyclic voltammetry (CV) and ECL. Figure 2A shows the cyclic voltammograms obtained in a three-electrode system using the prepared Au NPs/ITO electrode as the working electrode. As can be seen, both MB and MB@Zr-MOFs displayed a pair of reversible redox peaks at ca. 0.169 and –0.196 V. It indicated that MB@Zr-MOFs underwent similar two-electron redox reaction as MB [38]. The electrochemical reduction of MB@Zr-MOFs inducing an ECL amplification effect in the BPE system was also studied. Curve a in Figure 2B shows the ECL–voltage curve obtained by introducing Zr-MOFs solution into the cathodic reservoir of the BPE. As can be seen, the ECL intensity was improved when the voltage exceeded 2.5 V. When MB@Zr-MOFs were added (curve b), the onset voltage for driving the ECL reaction reduced to 2.15 V; meanwhile, the ECL intensity was improved by 3.7-fold. It confirmed that the reduction of MB@Zr-MOFs on the cathode of the BPE could mediate the ECL signal emitted from the anode of the BPEs array. The corresponding ECL–time curve is displayed in the inset of Figure 2B. The relative standard deviation (RSD) of the ECL intensity under continuous 10 cycles of CV sweep was 2.04%, suggesting good ECL stability of the prepared ITO electrode array.



The immobilization of MB@Zr-MOFs/cDNA on Au NPs/ITO BPE was then assessed by CV (Figure 3A). there was no noticeable peak when the Au NPs/ITO electrode was immersed in PBS (black line). After treating the Au NPs/ITO electrode with DNA mix, a pair of peaks appeared at –0.239 V and –0.175 V, ascribing to the oxidation and reduction of MB. It confirmed that MB@Zr-MOFs/cDNA was successfully assembled on the Au NPs/ITO electrode. The peaks vanished after subsequent incubation with FB1 and Nb.BbvCI, demonstrating the recognition of the modified electrode toward FB1 and the cleavage of cDNA by Nb.BbvCI.



The feasibility of the developed BPE-ECL biosensor for visual analysis of FB1 is displayed in Figure 3B. A strong ECL signal could be observed on the anode of Au NPs/ITO BPE (BPE-1). When the DNA mix was immobilized on the electrode surface, no significant ECL signal could be observed. This is because although the reduction of MB@Zr-MOFs on Au NPs/ITO BPE could amplify the ECL signal, the increased resistance of the electrode caused by the immobilization of DNA would inhibit the ECL signal. When FB1 (0.5 ng/mL) was added, the ECL signal changed slightly (BPE-3). When the DNA mix/Au NPs/ITO BPE was treated with Nb.BbvCI in the absence of FB1 (BPE-4), the ECL signal also exhibited no obvious change, suggesting that Nb.BbvCI cannot digest cDNA without FB1. When FB1/DNA mix/Au NPs/ITO BPE was incubated with Nb.BbvCI (BPE-5), the ECL intensity demonstrated a sharp decrement, confirming that the cleavage of MB@Zr-MOFs-labeled cDNA by Nb.BbvCI was activated by FB1 and the feasibility of the developed biosensor for FB1 measurement.




3.4. Optimization of Experimental Conditions


To achieve sensitive measurement of FB1, the experimental conditions, such as the deposition time of Au NPs and the incubation time of FB1 and Nb.BbvCI, were optimized. Figure S3 shows the optical images of the ITO electrode array captured during the deposition of Au NPs under different voltages and times. As can be seen, when the external voltage was 6 V, the color of the ITO electrode changed apparently due to the reduction of HAuCl4 on the cathode of the BPE. As the deposition time increased, the color of the electrode turned darker. With the increase in external voltage from 6 to 9 V, the coverage area of the ITO electrode by Au NPs increased from 15.24% to 36.30%. Therefore, we chose 9 V for the preparation of Au/ITO BPE.



Figure 4 shows the effect of HAuCl4 concentration on the ECL behavior of the BPE array. The ECL images were obtained by applying different voltages to trigger the ECL reactions on the BPE array. The ECL intensity increased significantly with increasing HAuCl4 concentration (1 mM to 8 mM). However, when the concentration of HAuCl4 reached 8 mM, the thick coating layer of gold can easily fall off from the ITO surface, resulting in poor reproducibility of the biosensor. Therefore, to improve the performance of the biosensor, 5 mM HAuCl4 was selected for the construction of Au/ITO BPE.



Figure 4 also reveals that the ECL intensity exhibited a sharp enhancement with the increase in voltage. Figure S4A shows the ECL stability of the developed Au/BPE array in 200 s, and that the voltage for triggering the ECL reactions was 2.9 V. Stable and intensive ECL signals could be observed on each electrode. Figure S4B demonstrates that the average ECL intensity at different electrodes on one array reached a plateau in 60 s. Additionally, the RSD of the ECL intensities in one array was below 9.2%. These results suggest the good stability and reproducibility of the BPE array.



Then, we optimized the reaction time of the DNA mix/Au/ITO electrode and the mixture of FB1 and Nb.BbvCI. Figure 5 shows that the ECL signal intensity decreased with increasing incubation time (0 to 2.5 h), which is caused by the cleavage of cDNA/MB@Zr-MOFs on the electrode surface by Nb.BbvCI. After 2.5 h, the ECL intensity reached a stable value, indicating that the cleavage reaction was completed. Therefore, 2.5 h was chosen for the subsequent experiments.




3.5. Calibration Curve for FB1 Measurement


Under optimized conditions, the designed biosensor was then used for a quantitative assay of FB1. Figure 6A shows that the brightness of the ECL signal decreased as the concentration of FB1 increased. The ECL signal intensity was linear in the range of 5 × 10−5~0.5 ng/mL with the logarithm of the FB1 concentration (R2 = 0.9995). The linear equation was I = 45,894–17,409 logC(ng/mL), indicating that the prepared biosensor can be applied in the quantitative detection of FB1.



The specificity of the prepared sensor for FB1 detection was conducted by measuring the ECL signal of the biosensor in the presence of interference mycotoxins. As shown in Figure 6B, the presence of AFG1, AFB1, OTA, ZEN, and the mixture could not cause a significant change in ECL intensity compared to that of the blank sample. When the mixture containing all these interfering toxins and FB1 was introduced, the ECL intensity of the biosensor decreased sharply. Additionally, the ECL intensity was very close to that obtained in the presence of FB1. All of these results suggested the superior selectivity of the proposed biosensor for FB1 analysis.




3.6. Application of the BPE Array Biosensor in Real Samples


To testify the applicability of the developed biosensor for FB1 measurement in real samples, maize and peanut samples were grounded and different concentrations of FB1 standard solution were spiked. After extracting by solvent, the suspension was collected using sonication and analyzed using the BPE array. As shown in Table 1, the recoveries were in the range of 99.2%~110.6%, and the RSD was from 1.8% to 9.5%, indicating the acceptable accuracy of the as-prepared biosensor for mycotoxin measurement in real samples.





4. Conclusions


In the present work, a novel ECL biosensor based on an ITO BPEs array was constructed for visual analysis of FB1 in food samples. By introducing MB molecules-decorated Zr-MOFs at the cathode of the BPE, the ECL signal produced at the anode of the BPE could be significantly amplified due to the neutrality of the BPE. Meanwhile, in the presence of the target, a DNA walker was activated, which triggered the continuous release of MB@Zr-MOFs from the electrode surface, causing the significant quenching effect of the ECL signal. As a result, the developed biosensor demonstrated a broad linear range and a low detection limit for FB1 measurement. Additionally, this work provides a new concept for screening multiple targets. Owing to the high sensitivity of the portable BPE-ECL device, the biosensor might be commercialized by merging smartphone photography and analysis technologies, as well as better manufacturing procedures for larger-scale production.
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Scheme 1. Schematic diagram of (A) the preparation process of cDNA-Zr MOFs, (B) synthesis process of DNA mix, and (C) visual bipolar electrode-ECL array electrode for FB1 detection. 
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Figure 1. TEM images of Zr-MOFs (A) and MB@Zr-MOFs (B). (C) UV-vis absorption spectra of Zr-MOFs (a), MB (b), and MB@Zr-MOFs (c). Inset were the optical images of Zr-MOFs and MB@Zr-MOFs solution. (D) FT-IR spectra of Zr-MOFs, MB and MB@Zr-MOFs. (E) XPS spectra of Zr-MOF and MB@Zr-MOFs. (F) nitrogen adsorption−desorption isotherm of Zr-MOFs and MB@Zr-MOFs. 
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Figure 2. (A) Cyclic voltammograms obtained on Au NPs/ITO electrodes in the presence of PBS, MB, and MB@Zr-MOFs. (B) ECL–voltage curves were obtained by introducing Ru(bpy)32+/DBAE into the anodic cell. The cathodic cell was filled with Zr-MOFs (a) and MB@Zr-MOFs (b), respectively. Inset was the ECL–time curve recorded by filling the cathodic cell with MB@Zr-MOFs. 
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Figure 3. (A) Cyclic voltammograms obtained on different electrodes in PBS. (B) ECL images and the corresponding ECL intensity obtained on Au NPs/ITO BPE (BPE-1), DNA mix/Au NPs/ITO BPE (BPE-2), FB1/DNA mix/Au NPs/ITO BPE (BPE-3), Nb.BbvCI/DNA mix/Au NPs/ITO BPE (BPE-4), and Nb.BbvCI/FB1/DNA mix/Au NPs/ITO BPE (BPE-5), respectively. 
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Figure 4. The effect of HAuCl4 concentration on the ECL behavior of BPE array. 
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Figure 5. Optimization of the incubation time of FB1. 
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Figure 6. (A) ECL response and the calibration curve of the BPE biosensor for sensing FB1. (B) Selectivity evaluation of the BPE biosensor on different mycotoxins. 
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Table 1. Detection of FB1 in actual samples (n = 3).
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Samples

	
Added (pg/mL)

	
Founded (ng/mL)

	
RSD (%)

	
Recovery (%)






	
Corn

	
0

	
Not detected

	

	
-




	
0.500

	
0.5207 ± 0.0104

	
2.0

	
104.1




	
2.500

	
2.490 ± 0.085

	
3.4

	
99.6




	
5.000

	
5.184 ± 0.454

	
8.7

	
103.7




	
Peanut

	
0

	
Not detected

	

	
-




	
0.500

	
0.4958 ± 0.0091

	
1.8

	
99.2




	
2.500

	
2.646 ± 0.251

	
9.5

	
105.9




	
5.000

	
5.530 ± 0.806

	
7.3

	
110.6
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