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Abstract

:

Food toxins are a hidden threat that can cause cancer and tremendously impact human health. Therefore, the detection of food toxins in a timely manner with high sensitivity is of paramount importance for public health and food safety. However, the current detection methods are relatively time-consuming and not practical for field tests. In the present work, we developed a novel aptamer-chip-based sample-to-answer biosensor (ACSB) for ochratoxin A (OTA) detection via fluorescence resonance energy transfer (FRET). In this system, a cyanine 3 (Cy3)-labeled OTA-specific biotinylated aptamer was immobilized on an epoxy-coated chip via streptavidin-biotin binding. A complementary DNA strand to OTA aptamer at the 3′-end was labeled with a black hole quencher 2 (BHQ2) to quench Cy3 fluorescence when in proximity. In the presence of OTA, the Cy3-labeled OTA aptamer bound specifically to OTA and led to the physical separation of Cy3 and BHQ2, which resulted in an increase of fluorescence signal. The limit of detection (LOD) of this ACSB for OTA was 0.005 ng/mL with a linearity range of 0.01–10 ng/mL. The cross-reactivity of ACSB against other mycotoxins, ochratoxin B (OTB), aflatoxin B1 (AFB1), zearalenone (ZEA), or deoxynilvalenol (DON), was less than 0.01%. In addition, this system could accurately detect OTA in rice samples spiked with OTA, and the mean recovery rate of the spiked-in OTA reached 91%, with a coefficient of variation (CV) of 8.57–9.89%. Collectively, the ACSB may represent a rapid, accurate, and easy-to-use platform for OTA detection with high sensitivity and specificity.
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1. Introduction


Mycotoxins are secondary metabolites of fungi and can cause severe health problems [1]. There are growing concerns of food safety issues due to the contamination of mycotoxins. Ochratoxin A (OTA) is a mycotoxin produced by several fungal species including Aspergillus ochraceus, A. carbonarius, A. niger and Penicillium verrucosum [2]. OTA occurs in a wide variety of commonly contaminated agricultural commodities, such as grains, nuts, spices, coffee beans, olives, grapes, dried fruits, wine, and meat products [3,4]. OTA is notorious for its teratogenicity, embryotoxicity, genotoxicity, neurotoxicity, carcinogenicity, nephrotoxicity, and immunosuppressive effects [5]. OTA can restrain protein synthesis, affect saccharide and calcium metabolisms, increase lipid peroxidation, and disrupt mitochondrial functions. As reviewed by others, OTA exposure could lead to adverse health effects in different populations, such as Balkan endemic nephropathy, chronic interstitial nephropathy, and other renal diseases [2]. The EU commission postulated maximal residue levels (MRLs) for OTA in different food samples were reviewed previously [6] and new standards of 3 µg/kg for cereals and cereal products, 0.2–1 µg/kg for wine, 0.2 µg/kg for beer, 8 µg/kg for green coffee beans, and 4 µg/kg for roasted coffee beans and coffee products as well as a much lower acceptable daily intake (ADI) of 1.5 ng OTA/kg body weight were suggested [6]. Therefore, attention has been focused on the development of a rapid, sensitive, and robust detection system for OTA in contaminated food.



Thus far, several analytical methods have been used for the determination of OTA, such as thin-layer chromatography (TLC) [7], high-performance liquid chromatography (HPLC) [8,9], mass spectrometry (MS) [10,11], and enzyme-linked immunosorbent assay (ELISA) [12]. These traditional detection techniques have been instrumental in the measurement of OTA in laboratory settings. In recent years, several economical and rapid immunoassays such as label-free electrochemical techniques have exhibited reasonable sensitivity and accuracy in the determination of OTA [13,14,15]. Despite these promising attempts, the quantitative capability, reproducibility, sensitivity, ease of use, and robustness remain a challenge, particularly for the purpose of field applications.



Recently there has been great interest in aptamers, artificial antibodies made of specific synthetic DNA or RNA oligonucleotides that can bind to a particular target molecule, such as proteins, peptides, or nucleotides. A technique called sequential evolution of ligands by exponential enrichment (SELEX) screens for highly selective aptamers that bind biomolecules such as antibiotics [16], mycotoxins [17], proteins [18], and even whole cells [19]. There have been many emerging aptamer-based techniques, such as biosensors and assays for the detection of mycotoxins, in the past decade. Aptamers have been used in the determination of mycotoxins such as fumonisin B-1 [20], OTA [21,22], aflatoxin B1 (AFB1) [23], and zearalenone (ZEA) [24]. Due to heterogeneous distribution of mycotoxins in staple crops, the analytical methods needs to have low limit of detection (LOD) and high specificity with low cost to allow for extensive sampling and testing [25]. Microarray-based analytical format is advantageous as it has high throughput, high sensitivity, high specificity, and low reagent consumptions; hence, this technology holds great potential for disease marker detection, toxicological response profiling, and pharmaceutical target screening [26]. Several electrochemical immunoassay-based microarrays have been used for mycotoxin detection [27].



In the present work, a novel aptamer-chip-based sample-to-answer biosensor (ACSB) for OTA detection via fluorescence resonance energy transfer (FRET) was developed. This is a simple, fast, and sensitive OTA assay built on a microarray chip. A biotinylated, Cy3-labeled, OTA-specific aptamer complex 5′-Cy3-aptamer-biotin-3′ and a BHQ2-labeled oligonucleotide complementary to the OTA-specific aptamer sequence were used to construct the ACSB, where FRET will occur or be disrupted on the basis of the absence or presence or OTA, respectively. The ACSB system is a highly sensitive and robust technology that may have great potential for field test of food toxins.




2. Materials and Methods


2.1. Chemicals, Reagents, and Instruments


Streptavidin, OTA, AFB1, ZEA, and deoxynilvalenol (DON) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ochratoxin B (OTB) was purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Super G™ Blocking Buffer was purchased from GRACE BIO-LABS Inc. (Bend, OR, USA). OTA aptamer 5′-biotin-GATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA-Cy3-3′ and the complementary strand 5′-BHQ2-TGTCCGATGC-3′ [28] were synthesized in bio basic Inc. (Amherst, NY, USA). Streptavidin was diluted with PBS buffer, and then 500 picoliters of the sample was printed onto an epoxy-coated slide with a microarray printing robot (sciFLEXARRAYER S3; Scienion) at 25 °C in an atmosphere of 60% humidity, as described previously [29]. The array detection procedure was according to our previous work [30,31,32,33]. The fluorescence signal on the chip was scanned and analyzed with a GenePix 4000B scanner and a Genepix Pro 7 software (Molecular Devices, San Jose, CA, USA).




2.2. Development of Array Sensor and Streptavidin Coating


An epoxy-modified polymer slide (STRATEC Consumables GmbH) was used for substrate immobilization and subsequent detection as described in our previous work [30,31,32,33]. In this work, streptavidin was used as the first layer on the slide to immobilize biotin-labeled aptamers. Streptavidin was diluted to final concentrations of 1, 2, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, 750, and 1000 ng/mL with PBS buffer and printed on an epoxy-coated chip. The chip was incubated for 12 h at 4 °C. Then the chip was blocked with Super G blocking buffer at room temperature for 2 h. The chip was then washed three times with PBS-Tween 20 and then washed with ddH2O. The Cy3-labeled biotinylated OTA aptamer was diluted to 1000 nmol/L with Tris-HCl buffer and 20 μL was added to each well of the chip. After incubation at 25 °C for 1 h, the chip was washed again and air-dried. The fluorescence intensity of the spots on the chip was analyzed with GenePix Pro 7. The optimal streptavidin concentration was determined on the basis of the quality of the spots as indicated by the fluorescence intensity.




2.3. Immobilization and Optimization of OTA Aptamer Concentrations on the Chip


OTA aptamer was diluted to final concentrations of 1, 2, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, and 1000 nmol/L with Tris-HCl buffer (pH = 7.5; 120 mmol/L NaCl, 40 mmol/L MgCl2, 20 mmol/L CaCl2) and added into the chamber on the chip where optimal concentration of streptavidin was printed. The chip was incubated at 25 °C on the shaker for 1 h, followed by washing and air-drying of the chip. The fluorescence intensity of the spots on the chip were analyzed to determine the optimal concentration of OTA aptamer.




2.4. Optimization of the Complementary Strand Concentration


The complementary DNA strand of the OTA aptamer was diluted to final concentrations of 1, 2, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, and 1000 nmol/L with Tris-HCl buffer (pH = 7.5; 120 mmol/L NaCl, 40 mmol/L MgCl2, 20 mmol/L CaCl2) and added to each well on the chip where optimal concentrations of OTA aptamer was printed. The slide was incubated at 37 °C on the shaker for 1 h, and then washed and air-dried. The slide was then scanned to examine if the Cy3 fluorescence was quenched by BHQ2.




2.5. Standard Curve for Determination of OTA


The OTA standard was dissolved with methanol and diluted with reaction buffer 10 mmol/L HEPES (pH 7.0; 120 mmol/L NaCl, 5 mmol/L KCI, 20 mmol/L MgCl2, 20 mmol/L CaCl2). The OTA standard was diluted to the following concentrations: 0.001 ng/mL, 0.005 ng/mL, 0.01 ng/mL, 0.05 ng/mL, 0.1 ng/mL, 0.5 ng/mL, 1 ng/mL, 5 ng/mL, 10 ng/mL, 50 ng/mL, and 100 ng/mL. Each concentration of OTA standard was added onto the wells on the chip where Cy3 fluorescence was quenched by BHQ2. The slide was kept at 45 °C on the shaker for 30 min. After the reaction, the slide was washed and air-dried for fluorescence scanning with a GenePix 4000B scanner (Molecular Devices, San Jose, CA, USA). The fluorescence signal response to various concentrations of OTA standards was plotted using Graphpad Prism 7.




2.6. Specificity Test


To determine the specificity of this on-chip OTA assay, we used four mycotoxins including OTB, AFB1, ZEA, and DON as controls to determine if they could also be recognized by the OTA-specific ACSB. Four mycotoxins were dissolved in methanol and diluted to 0.1 ng/mL, 1 ng/mL, and 10 ng/mL with reaction buffer, and added into the well of the OTA assay chip where Cy3-labeled OTA aptamer was reacted with BHQ2 probe as described above.




2.7. Recovery Test of OTA in Artificially Contaminated Rice Samples


Rice was selected as a matrix for testing the performance of the on-chip OTA assay. Rice was milled into particles less than 1 mm. Analytical grade OTA (Sigma-Aldrich, St. Louis, MO, USA) was spiked into an aliquot of 1 g rice sample to give final OTA concentrations of 1, 10, and 100 ng/g. Each of these samples was mixed with 10 mL of methanol, and the entire mixture was vortexed for 5 min, sonicated for 30 min, and then centrifuged at 10,000× g for 10 min. The supernatant was collected and filtrated with a 0.45 μm filter membrane. Blank controls were also prepared in the same way as above except that methanol only was used instead of the OTA. The OTA in the extract was diluted with HEPES buffer prior to the assay. OTA levels in these samples were also measured using an OTA ELISA KIT purchased from REAGEN Inc. (Haddon Township, NJ, USA) according to the user’s manual. A SpectraMax® M3 Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA) was used to detect the signals of ELISA.





3. Results


To construct the ACSB system, as illustrated in Figure 1, we first biotinylated the OTA-specific aptamer for effective immobilization of the aptamer on the chip, maintaining the natural structure of the aptamer without comprising its ability for OTA binding. Streptavidin was printed on the chip and then was bound by 5′-Cy3-aptamer-biotin-3′. At this step, the Cy3 could fluoresce. Upon the addition of a BHQ2-labeled oligonucleotide, which is partially complementary to the OTA aptamer, the fluorescence of Cy3 was quenched by BHQ2 due to the proximity of the two labels through aptamer-DNA probe binding. However, in the presence of OTA, Cy3-labeled OTA aptamer could bind specifically to OTA, leading to the structural change of the aptamer and the subsequent separation of the BHQ2 from Cy3, which results in the recovery of the fluorescence signal of Cy3.



3.1. Streptavidin Coating and Optimization of Streptavidin Concentration


According to the design of our ACSB system, the OTA-specific aptamer was immobilized onto the chip via biotin-streptavidin binding. Biotin was conjugated onto the aptamer, and streptavidin was printed on the chip. To determine the optimal concentration of streptavidin needed to immobilize sufficient OTA-specific aptamer on the chip, we prepared various concentrations of streptavidin and printed them on the chip to determine which concentration of streptavidin could give the best fluorescence signal. Excessive 5′-Cy3-aptamer-biotin-3′ was added onto the chip to react with various concentrations of streptavidin. As shown in Figure 2, the mean fluorescence intensity was increased with the increase of the streptavidin concentration printed on the chip. The mean fluorescence intensity could reach a maximum of 60,000 arbitrary units (a.u.) when the streptavidin concentration was around 500 ng/mL. The mean fluorescence intensity did not change much when streptavidin concentration was higher than 500 ng/mL. This suggests that the optimal streptavidin concentration is 500 ng/mL in order to immobilize sufficient amount of the OTA-specific aptamer in the development of the ACSB.




3.2. Immobilization of Cy3-Labled OTA Aptamer on the Chip and Optimization of OTA Aptamer Concentration


Next, the response of the fluorescence signal of this system to various concentrations of Cy3-labeled OTA-specific aptamer was tested to determine the optimal aptamer concentration that gives the best signal. The OTA-specific aptamer was diluted into different concentrations and added to different subarray wells on the chip for incubation at 25 °C for 1 h. After the scanning of the chip, the fluorescence signal was quantified using Genepix Pro 7 software (Molecular Devices, LLC, San Jose, CA, USA). As shown in Figure 3A, the mean fluorescence values were increased with the increase of the OTA aptamer concentration. At the aptamer concentration of 150 nM, the mean fluorescence intensity reached a plateau. Hence, in order to achieve the best signal in the development of the ACSB, the optimal aptamer concentration was found to be 150 nM.




3.3. Optimization of the Concentration of BHQ2-Labeled DNA Probe


In this study, the ACSB was designed for one-step detection of OTA. On the chip, a pre-coated Cy3-labeled OTA-specific aptamer is bound by a BHQ2-labeled DNA probe via complementary binding, which leads to the quenching of Cy3 fluorescence via FRET, and this will establish a low fluorescence baseline F0. F0 is then used as a starting point for the one-step assay, where an increased fluorescence Fa will be generated upon OTA sample addition as assay readout. Therefore, the concentration of the DNA probe is critical in establishing the baseline of the ACSB assay. The DNA probe was diluted into 1, 2, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, and 1000 nM with Tris-HCl buffer (pH = 7.5; 120 mM NaCl, 40 mM MgCl2, 20 mM CaCl2). A total of 20 μL of each dilution was added into each well on the ACSB chip. After FRET reaction, the fluorescence intensity of each spot on the chip was analyzed with GenePix Pro 7 software. As shown in Figure 3B, the mean fluorescence intensity was decreased with the increase of the concentration of DNA probe. The mean fluorescence intensity was lower than 25,000 a.u. when the DNA probe concentration was higher than 500 nM. This indicates that the fluorescence of the Cy3-labeld aptamer was quenched in the presence of 500 nM DNA probe, which was labeled with BHQ2. Only a minor decrease of the mean fluorescence intensity was observed when the DNA probe was further increased. This suggests that the optimal concentration of the DNA probe is around 500 nM.




3.4. Detectability and Sensitivity of ACSB for Ochratoxin A (OTA)


Next, the capability of the ACSB to detect OTA quantitatively via fluorescence resonance energy transfer (FRET) was examined. The entire experiments were executed via a signal “on–off–on” process as shown in Figure 4A. First, 9 × 4 = 36 spot replicates of Cy3-labeled biotinylated aptamer were printed on the streptavidin-coated chip where the fluorescence signal was “on”. Upon addition of the quencher BHQ2-labeled DNA probe on the chip, the fluorescence was quenched and the signal was “off”; however, upon further addition of OTA (the analyte), the OTA–aptamer binding induced the separation between Cy3 and BHQ2, which led to the signal “on” again. The fluorescence signals from the above “on–off–on” process were quantified using Genepix Pro7 (Figure 4B). OTA dose-dependent response curve was established using various concentrations of OTA (X-axis) and fluorescence increase (Y-axis) upon the addition of OTA (Figure 4C). To prepare various concentrations of OTA, we diluted the OTA standard to 0.001 ng/mL, 0.005 ng/mL, 0.01 ng/mL, 0.05 ng/mL, 0.1 ng/mL, 0.5 ng/mL, 1 ng/mL, 5 ng/mL, 10 ng/mL, 50 ng/mL, and 100 ng/mL. A total of 20 μL of each concentration was added into each well on the chip to start the FRET reaction. As shown on the Figure 4C, the mean fluorescence intensity was increased with the increase of the OTA concentration. The trend was reflected in a dose-dependent manner in the recovery of fluorescence signals. There was a good linearity ranging from 0.01 to 10 ng/mL with a LOD of 0.005 ng/mL for OTA.




3.5. Specificity of ACSB in Detecting OTA


To investigate the specificity of the ACSB, we used four mycotoxins, namely, OTB, AFB1, ZEA, and DON determine if there was any cross-reactivity with the sensor. All mycotoxins were dissolved with methanol and diluted to 0.1 ng/mL, 1 ng/mL, or 10 ng/mL with reaction buffer, and 20 μL of each mycotoxin standard was added into the well of the chip. The measurement steps were the same as described above. The detection and analysis results are shown in Figure 5.



As shown in Figure 5, the mean fluorescence intensity was lower than 1000 a.u. when the concentration of AFB1, ZEA, or DON was at 10 ng/mL or lower. The mean fluorescence intensity was lower than 2000 a.u. when OTB was at 10 ng/mL or lower, which was far below the mean fluorescence intensity of 40,000 a.u. when OTA was at 0.1~10 ng/mL. These results indicate that there was barely any cross-reactivity of the OTA sensor in detecting other mycotoxins including OTB.




3.6. Recovery Test of OTA in Artificially Contaminated Rice Samples


Rice was selected as a matrix for testing the performance of ACSB in detecting OTA. Rice samples were milled and artificially contaminated with OTA (dissolved in methanol) to give final concentrations of 1, 10, or 100 ng/g. The recovery of OTA from artificially contaminated rice is shown in Table 1.



As shown in Table 1, the ACSB exhibited high levels of recovery of OTA spiked into rice samples. Mean recoveries were 91%, 90%, and 85% for OTA spiked-in with 1, 10, and 100 ng/g, respectively. The systematic error was relatively low with a coefficient of variation (CV) ranging from 8.57 to 9.89%. The same three sets of samples (each with three replicates) were also analyzed with a commercial ELISA kit to compare with the results obtained using ACSB. The correlation between ELISA data and ACSB data was analyzed using Pearson test, and the correlation coefficient r = 0.99 and p-value < 0.0001 were found. This suggests that the results obtained using ACSB method are highly consistent with the conventional ELISA measurement.





4. Discussion


In the present study, an aptamer-based sensor technology for OTA detection on a microarray/chip platform was developed. The microarray/chip-based technology provides superior sensitivity; minimum sample/reagent requirement; and, most importantly, the preprinted target-capture module and ready-to-use interface for reaction. Microarrays have been widely applied in basic biological research and clinical diagnosis, such as protein interaction studies [34], immune profiling [35], vaccine development [36], biomarker discovery [37], disease diagnostics [38], and drug screening and discovery [39], among others. Microarray technologies have been used for mycotoxin detection due to their sensitivity [40]. Electrochemical immunoassay-based microarrays have also been used for mycotoxin detection with promising sensitivity, selectivity, and simplicity in use [27].



In a surface plasmonic resonance-based multiplex microimmunoassay for the detection of DON and ZEA via a competitive inhibition immunoassay format, LODs of 84 and 68 μg/kg for DON and 64 and 40 μg/kg for ZEA in maize and wheat samples were achieved, respectively [41]. In a microarray for screening OTA in green coffee extract on a fully automated flow-through device via over 20 assay-regeneration cycles, a reduced assay time (within 12 min) with a limit of quantitation (LOQ) of OTA of 0.3 μg/L was achieved [42]. In an indirect competitive immunoassay on regenerable, reusable glass microchips for the parallel determination of aflatoxins, ochratoxin A, deoxynivalenol, and fumonisin B1 in oat extracts, a fully automated flow-through device with chemiluminescence readout was achieved within 19 min [43,44]. In a surface-enhanced Raman scattering (SERS)-based immunosensor for the detection of three mycotoxins (AFB1, ZEA, OTA) in food on a single gold chip, a LOD of 0.061–0.066 μg/kg for AFB1, 0.53–0.57 μg/kg for ZEA, and 0.26–0.29 μg/kg for OTA in foodstuff was established [45].



However, immunoassays for mycotoxins require artificial mycotoxin antigens and antibodies that need complicated production processes and relatively stringent storage conditions. Moreover, different batches of antibodies exhibited different titers in antigen binding that may affect the performance of the sensor and the accuracy of detection. In comparison to antibodies, aptamers are more chemically stable under most environmental conditions with a longer shelf life and can be reversibly denatured without loss of specificity [25]. By the virtues of simplicity, rapidness, and low-cost in assays, aptamer-based biosensors are more promising in detection of various mycotoxins with high sensitivity and selectivity compared to antibody-based methods [17].



Thus far, a few aptamer-based microarray methods have been reported in the detection of mycotoxins. In an aptamer microarray on the TiO2-porous silicon (PSi) surface for simultaneous screening of multiple mycotoxins, a dynamic linear detection range of 0.1–10 ng/mL for OTA, 0.01–10 ng/mL for AFB1, and 0.001–10 ng/mL for FB1, and a LOD of 15.4, 1.48, and 0.21 pg/mL for OTA, AFB1, and FB1, respectively, was achieved [46]. In a high-throughput photonic crystal microsphere (PHCM) suspension array for multiplexing mycotoxins detection in cereal samples, a dynamic linear detection range of 0.1 pg/mL to 0.1 ng/mL for AFB1/OTA and 0.1–10 ng/mL for FB1, was achieved [47]. Given the relatively tedious fabrication procedures of these assays, apparently there is a long way to go before developing them into easy-to-repeat and test-friendly devices [48,49].



The novelty of this work lies in the following: (1) the simple and straightforward fabrication process of the aptamer chip. Any commercial microarray slide can be directly used, and the printing of substrates and aptamer takes under 10 min. (2) High reproducibility. As shown in Figure 4, each test site can be integrated with multiple replicates for high reproducibility. (3) Capability of sample-to-answer detection. With a preprinted chip, the entire assay can be performed in one step. Therefore, this biosensor allows for simple, fast, and sensitive detection of OTA through FRET mechanism. Although this is only a proof-of-concept study where the signal “on–off–on” process was demonstrated, the sensor indeed is capable of detecting OTA in one step, given the fact that the Cy3-labeled OTA aptamer can be preprinted and the BHQ2-labeled DNA probe can also be preprinted or added on top of the aptamer layer, prior to detection. In other words, this sensor can be premade and is ready to use upon the addition of a “real” sample for OTA detection in one step. Therefore, this device is indeed a sample-to-answer device by design. In laboratory settings, this sensor allows for establishing a standard curve and performing sample detection in a quantitative manner; however, in field settings, this sensor allows for a fast, easy, sample-to-answer assay of food toxin in a qualitative way by reporting “yes” or “no” toxin in a contaminated food sample. This ACSB exhibited comparable sensitivity and specificity in OTA detection compared to most sensors as discussed above. Compared to label-free approaches such as SERS or electrochemical sensors, ACSB may have greater potentials for repeated measurements in improving accuracy or towards the development of one-shot, high-throughput, and multiplexing assays. The advantage of FRET lies in the fact that it establishes a clear baseline of readout at each step so that the assay is more robust. Future work will focus on the improvement of the affinity of target-specific aptamer as well as the sensitivity of the FRET components and testing of the multiplexing capability of this sensor.




5. Conclusions


In conclusion, a simple, sensitive, and highly selective on-chip biosensor was developed with great potential in sample-to-answer detection of OTA in food samples. This array format enables further development of high-throughput and multiplexing biosensors that allow for simultaneous detection of multiple mycotoxins or biomarkers in multiple samples.
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Figure 1. Detection of ochratoxin A on an aptamer-based chip via fluorescence resonance energy transfer. When bound by a BHQ2-labeled oligonucleotide complementary to the OTA-specific aptamer sequence, the fluorescence of the Cy3-labeled OTA aptamer was quenched via fluorescence resonance energy transfer (FRET). The subsequent OTA binding to the aptamer caused the separation of the fluorophore Cy3 from the quencher BHQ2, which led to the generation of fluorescence signals (A). This detection system could be built on a chip and the signal can be analyzed using a fluorescence scanner (B). (1) Printing Cy3-labeled OTA aptamer on the chip; (2) Adding a quencher (BHQ2)-labled DNA probe onto the chip; (3) Adding OTA samples on the chip; (4) Chip scanning and data collection. 
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Figure 2. The response of fluorescence intensity to various concentrations of streptavidin in a dose-dependent manner. Various concentrations of streptavidin were printed on the chip and incubated with Cy3-labeled OTA-specific aptamers for the detection of fluorescence signal. 
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Figure 3. Optimization of the Cy3-labeled OTA-specific aptamer concentration in the development of ACSB (A). Fluorescence signal response was analyzed at various concentrations of OTA-specific aptamer. Optimization of the concentration of the BHQ2-labeled DNA probe for the construction of ACSB (B). Fluorescence signal response was analyzed at various concentrations of DNA probe used to achieve FRET-induced fluorescence quenching of the Cy3 labeled-OTA aptamer. 
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Figure 4. Aptamer-chip-based sample-to-answer biosensor (ACSB) for ochratoxin A (OTA) detection via fluorescence resonance energy transfer (FRET). Signal on–off–on process is shown in (A): Cy3-labeled biotinylated aptamer was printed on the streptavidin-coated chip (in 9 × 4 = 36 spot replicates) where the fluorescence signal was on. Upon addition of the quencher BHQ2-labeled DNA probe on the chip, the fluorescence was quenched and the signal was off; however, upon further addition of OTA (the analyte), the OTA–aptamer binding induced the separation between Cy3 and BHQ2, which led to the signal-on again. The fluorescence signals from the above on–off–on process were quantified using Genepix Pro7 (B). OTA dose-dependent response curve was established using various concentrations of OTA (X-axis, log10 scale) and fluorescence increase (Y-axis) upon the addition of OTA (C). 
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Figure 5. The specificity of the OTA aptamer-based ACSB system in detecting OTA. Four mycotoxins, namely, OTB, AFB1, ZEA, and DON, at 0.1 ng/mL, 1 ng/mL, or 10 ng/mL were used to determine if there was cross-reactivity with the OTA aptamer-based ACSB. 
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Table 1. Application of biosensor for OTA detection in artificially contaminated samples.
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OTA Spiked-In

(ng/g)

	
OTA Detected (ng/g)

	
Mean Recovery

ACSB (%)

	
Coefficient of

Variation, ACSB (%)




	
ELISA

	
ACSB

	
Pearson Correlation






	
1

	
0.83 ± 0.07

	
0.91 ± 0.09

	
r = 0.99

p < 0.0001

	
91

	
9.89




	
10

	
9.21 ± 0.41

	
9.03 ± 0.87

	
90

	
9.63




	
100

	
88.56 ± 5.37

	
85.26 ± 7.31

	
85

	
8.57








Values represent the mean of three replicates ± SD in both ELISA and ACSB experiments. The correlation between ELISA data and ACSB data was analyzed using Pearson test, and the correlation coefficient r and p-value were calculated.
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