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Aflatoxins-B1 (AFB1) and Ochratoxin-A (OchA) are the two types of major mycotoxin produced by Aspergillus flavus, Aspergillus parasiticus fungi, Aspergillus carbonarius, Aspergillus niger, and Penicillium verrocusumv. These toxins are mainly found in metabolite cereals, corn, coffee beans, and other oil-containing food items. Excessive consumption of these toxins can be carcinogenic and lead to cancer. Thus, their rapid testing became essential for food quality control. Herein, manganese oxide nanoparticles (MnO2 nps) have been proposed to explore the interaction with AFB1 and OchA using UV-visible spectroscopy. MnO2 nps were synthesized using the co-precipitation method. They were pure and crystalline with an average crystallite size of 5–6 nm. In the UV-vis study, the maximum absorbance for MnO2 nps was observed around 260 nm. The maximum absorbance for AFB1 and OchA was observed at 365 and 380 nm, respectively, and its intensity enhanced with the addition of MnO2 nps. Sequential changes were observed with varying the concentration of AFB1 and OchA with a fixed concentration of MnO2 nps, resulting in proper interaction. The binding constant (kb) and Gibbs free energy for MnO2 nps-AFB1 and OchA were observed as 1.62 × 104 L g−1 and 2.67 × 104 L g−1, and −24.002 and −25.256 kJ/mol, respectively. The limit of detection for AFB1 and OchA was measured as 4.08 and 10.84 ng/ml, respectively. This bio‐active free direct sensing approach of AFB1 and OchA sensing can be promoted as a potential analytical tool to estimate food quality rapidly and affordable manner at the point of use.
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1 INTRODUCTION
Aflatoxins-B1 (AFB1) has been identified as a significant contaminant in food materials like maize, corn, cottonseed, peanuts, cereals, etc. Fungal infection is a primary source of toxin production, mainly originated from Aspergillus flavus and parasiticus fungi. (Battacone et al., 2005) (Borneman and Becker, 2007) (Payne and Brown, 1998) (Ronchi et al., 2005) (Sarma et al., 2017) (Zheng et al., 2017) This toxin had an adverse effect on human health and animals, causing acute diseases like jaundice, lethargy, nausea, etc. According to the international agency for cancer research, AFB1 is the most toxic among other mycotoxins and is classified as a group 1 carcinogen. (Cancer, 1982) (Roberts et al., 2014) The United States department of agriculture (USDA) and food and drug administration (FDA) have set a scale of 20ppb AFB1 consumption in food as a tolerable limit. (Altug, 2002) (van Egmond and Dekker, 1996) (van Egmond and Jonker, 2004). According to the WHO report, large doses of AFB1 are carcinogenic and cause liver cancer. Similarly, for animals like chickens, AFB1 is unfriendly, and its effect reduces egg production, impairs reproductive efficiency, and damages the liver. (Administration (FAD), 1988) (Henry et al., 1999) (Smith et al., 1995). It has been categorized into more than 10 different isomers, including B1, B2, G1, G2, M1, M2, etc. (Crook, 2003) Among these, AFB1 is more precarious and can be lethal. (Jaimez et al., 2000).
Ochratoxin-A (OchA) is also a developed class of mycotoxin, a secondary metabolite of Aspergillus ochraceous, Aspergillus carbonarius, Aspergillus niger, and Penicillium verrocusumv. (Abarca et al., 1994) (Van der Merwe et al., 1965) (Heenan et al., 1998) The primary sources of these toxins are food commodities such as cereal grains like corn, coffee beans, dairy products, wine, raisins, vegetables (yam, garlic, onions, potatoes, and tomatoes), fruits, and spices. (Duarte et al., 2010) (Lim et al., 2015) (Kaushik et al., 2009b) (Kaushik et al., 2009a) (Solanki et al., 2010) (Marin and Taranu, 2015) (Pfohl-Leszkowicz and Manderville, 2007) OchA is more potent and toxic compared to ochratoxin B and C. (Kőszegi and Poór, 2016) (Gallo et al., 2017) The OchA is cancerous in humans; the International Agency for Research on Cancer has therefore categorized this toxin as belonging to the 2B group. (Pflaum et al., 2016) The World Health Organization (WHO) set the tolerable parameter for ochratoxin A as 5 ng/kg body weight per day. (Pitt, 2000).
Detection of these toxins has always remained challenging due to the lack of complete information. For quantitative detection, an electrochemical-biosensor has been used to check the sensitivity of toxins. Also, analytical techniques like enzyme-linked immunosorbent assays (ELISA) are used for the determination of AFB1. (Azri et al., 2018) These toxins' optical properties open up a new detection approach because they consist of spectral shift, change in fluorescence intensity, lifetime and quantum yield, etc. Few toxins like ochratoxin and citrinin have been employed to detect absorption and fluorescence through a shift in intensity and environmental change. (Keller et al., 2018).
The conventional techniques to detect the toxins mentioned above, including HPLC-tandem mass spectrometry (HPLC-MS/MS) (Abramson et al., 1995), are costly, elaborate, and require a trained candidate for the operation. (Sarkar et al., 2020) These techniques are also limited to analytes' mass scale determination, which is one of the major drawbacks. Considering comparison to these techniques, UV-visible spectroscopy is a well-known and absorbance-based technique that is relatively cost effective, easy to handle, and requires a tiny sample from an experimental point of view. (Dhiman et al., 2019) One such approach is exploring nano-systems for direct and label-free detection of foodborne toxins. There is an urgent need to design and develop an electro-optical metal oxide-based nano-system for sensing applications to achieve this task. Among many, manganese oxide nanoparticles (MnO2 nps) are emerging as promising sensing nano-systems. The MnO2 nps are semiconducting in nature owing to multiple properties like smaller in size, a large surface-to-volume ratio, and having magnetic, electrochemical, and optical properties. (Wei et al., 2011) MnO2 nps have applied in various fields, including sensors, biosensors, biomedical devices, catalysis, drug delivery, rechargeable batteries, and other commercial purposes. (Ragupathy et al., 2007) (Ganeshan et al., 2017) (Liu et al., 2013) Despite having a tremendous application of MnO2 nps, it is optically less explored, and it is expected that, similar to other properties, its optical nature can provide a new approach in the detection of analytes. Several nanoparticle systems have been reported regarding the adsorption of mycotoxins. Few graphene-based adsorptive techniques have been studied for bacteria detection in food samples. (Bajpai et al., 2019) (Shukla et al., 2019) Jouni et al. have reported the complex of aptamer-based Fe2O3 nps detoxification of aflatoxin M1 in the milk sample. (Jouni et al., 2018) Puzyr et al. have demonstrated sorption properties of nanodiamonds (NDs) to study the adsorption of AFB1. (Purtov et al., 2007) Liu at el. have reported the adsorption of OchA on the surface of gold nanoparticles (Au nps) and have located the effects of Au nps using localized surface plasmon resonance. (Liu et al., 2018) Velu at el. has reported the adsorption–desorption approach for OchA based on lateral flow assays using gold (Au) or silver (Ag) nanoparticles. (Velu and DeRosa, 2018).
Here, we have used the UV‐visible absorption technique for the detection of AFB1 and OchA using MnO2 nps, synthesized using the co-precipitation method. Many papers exist on the sensing of AFB1 and OchA in literature. However, the present study involves the interaction through UV-titration of AFB1 and OchA with MnO2 nps based on the UV-visible absorbance change. MnO2 nps are directly interacting with AFB1 and OchA, resulting in enhanced absorption and variation of absorption observed in the presence of a different concentration of AFB1 and OchA. It has been found that a strong interaction occurred between AFB1 and OchA with MnO2 nps, and this can be used in the development of a detection platform for AFB1 and OchA. The UV-visible absorption intensity of AFB1 and OchA is enhanced with MnO2 nps, indicating the interaction between themselves, which suggests the effect of MnO2 nps on AFB1 and OchA. Following this methodology, an experiment was performed, which produced a significant result for developing an optical sensing platform. This optical method is cost-effective and easy to perform without any complications. This can be further treated as the primary platform for the development of optical sensors in the future.
2 MATERIALS AND METHODS
2.1 Reagents
Manganese acetate tetrahydrate (99.99%) and sodium hydroxide (98%) were purchased from Sigma-Aldrich and Fisher Scientific, respectively. Aflatoxin B1 was purchased from LKT laboratories inc and Ochratoxin A and Fumonisin B1 were bought from Cayman chemical company. Cellulose and starch were procured from Sigma-Aldrich, and d-fructose from CDH Chemicals Ltd. Phosphate buffer saline was prepared in the laboratory at different pH.
2.2 Synthesis of MnO2 nps
MnO2 nps were synthesized by the co-precipitation method described in our previous paper with a different calcination temperature (Singh et al., 2020) (Dhiman et al., 2020). After completing the synthesis process, the obtained dried powder was first ground to a fine powder and calcined at 350°C to get the MnO2 phase.
2.3 Characterization Techniques
The phase and structure of synthesized nanomaterials were examined by the X-ray diffraction (XRD) method using XRD, Rigaku MiniFlex 600 X-Ray Diffractometer with CuKα radiation at λ = 1.54Å; operating at 40 kV and 15 mA of the samples from 20 to 80° at a scan rate of 3° per min with a step size of 0.02°. Raman spectra were recorded using Enspectr R 532 in the range of 250–1,250 cm−1 with a 532 nm excitation wavelength. The morphology, shape, and structure of the materials were explored by the MIRA II KMH-TESCAN field emission scanning electron microscope (FE-SEM) operated at 25 keV. For this study, MnO2 nps were ultrasonically dispersed in deionized water. Interaction of MnO2 nps with mycotoxins was determined using a Perkin-Elmer spectrum two Fourier transform infrared (FTIR) spectroscopy. The UV-visible absorption technique was used for the detection study through the titration process using T90 + UV/VIS Spectrometer PG Instruments Ltd.
2.4 Sensing Procedure
Absorption spectra of AFB1 and OchA were recorded in the wavelength range of 230–460 nm. The binding constant (kb) between MnO2 nps and AFB1/OchA was measured by UV-visible spectrophotometric titration method by changing the concentration of analytes (AFB1 and OchA). The sensing medium was phosphate buffer silane (PBS) maintained at pH 7. MnO2 nps were dispersed in PBS, and the UV-Visible absorbance was measured. Different concentrations (400 ng ml−1–15 μg ml−1) of the analyte solutions prepared in PBS were mixed with the MnO2 nps dispersions, and the UV-Vis absorbance was carried out in the same wavelength range under similar conditions. The concentration of MnO2 nps dispersion was fixed at 5 μg ml−1.
3 RESULTS AND DISCUSSION
3.1 Structural and Morphological Studies
The XRD spectrum pattern of MnO2 nps was recorded at room temperature to determine the phase‐crystal structure and purity. Figure 1A shows the XRD spectrum of MnO2 nps. MnO2 nps were obtained by calcining the synthesized MnO2 at 350°C. The diffraction peaks were observed at 2θ = 37.02°, 42.02°, and 56.81° and indexed as (100), (101), and (102). The observed peaks were matched with JCPDS file no. 895171 and ascribed to the hexagonal structure of Ɛ-MnO2. The average crystallite size was calculated using Debye-Scherrer formulae as given below: (Kujur and Singh, 2020)
[image: image]
where K∼ 0.9; wavelength (λ) = 1.5406 Å; full width at half maximum (FWHM) of the diffraction peaks is β, and the Bragg’s diffraction angle is θ. The size calculated from Debye-Scherrer formulae was found to be 5.18 nm. Since the peaks are broad, having high FWHM indicates that the size of the MnO2 is very small.
[image: Figure 1]FIGURE 1 | (A) XRD pattern of MnO2 nps calcined at 350°C; (B) Scanning electron microscopic image of MnO2 nps recorded (a) lower magnification and (b) at higher magnification showing spherically shaped MnO2 nps calcined at 350 °C.
To further study morphology and nano crystallinity of the material, field-emission scanning electron microscopy (FE-SEM) was studied. Figure 1B shows the FE-SEM image of MnO2 nps. The nanoparticles were found mostly in an aggregated form, which is due to the magnetic behavior. Even after the agglomeration, the structure of the MnO2 nps was observed to be a spherical shape with a size ranging from 40 to 100 nm. These two studies confirm the hexagonal phase structure of MnO2 with spherically shaped MnO2 nps.
The FTIR spectra of MnO2 nps in the presence and absence of OchA and AFB1 is shown in Figure 2. The FTIR spectra were carried out to determine the interaction among MnO2 nps with AFB1 and OchA and were recorded in the wavenumber range between 400 and 2000 cm−1. The major peaks of Mn-O could be assigned in the range of 400–800 cm−1. (Kang et al., 2007) (Feng et al., 1992). In the present study, several peaks for MnO2 nps appeared at 408, 415, 422, 570, 625, and 780 cm−1, representing the presence of Mn-O bond. During the interaction of AFB1 with the MnO2 nps, the peaks of MnO2 nps for Mn-O bond appeared slightly shifted or changed in their position between 400 and 440 cm−1, indicating the interaction among these two molecules. Similar behavior obsereved for the OchA in presence of MnO2 nps, and peak positions of Mn-O bond changed between 400 and 440 cm−1 as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Fourier transform infrared spectra of (A) MnO2 nps, (B) AFB1-MnO2, and (C) OchA-MnO2 were recorded at room temperature.
Raman spectroscopy was performed to see the crystal defects and phase composition of the material. The spectrum of MnO2nps is shown in Figure 3 recorded at 532 nm excitation source. The range shows three peaks at 276, 335, and 637 cm−1. Theoretically, MnO2 with a hexagonal structure has a significant peak centered at 637 cm−1. Here the peaks at 276 and 335 cm−1 are due to the bending vibration of Mn-O bond, and another peak at 637 cm−1 shows stretching vibration in MnO2 bond. (Barai et al., 2016) (Gao et al., 2008). The indexing of the three peaks confirms the phase purity of MnO2 without any defects.
[image: Figure 3]FIGURE 3 | Raman spectrum of MnO2 nps recorded at room temperature (25°C).
3.2 UV-Visible Spectroscopic Studies of AFB1 and OchA With MnO2 nps
UV-visible spectroscopy is a reliable and straightforward technique to study nanoparticles’ optical activity, and it has also been used to monitor the interaction between nanomaterials and biomolecules. Increase or decrease of absorption and shifting of wavelength toward red/blue shift represents the interaction between the involved components. This technique has been proposed for the interaction study of the aromatic chromophore with nucleic acids like DNA, RNA, etc. In the study of interactions between nanoparticles and the analytes, the medium's pH plays an important role. Therefore, the pH-dependent study has been carried out at five different pHs. The pH-dependent analysis of AFB1 and OchA is shown in Figure 4A and Figure 4B. The absorption spectra were measured at different pH from five to nine between 230 and 460 nm of the wavelength range. In the case of AFB1, a significantly less pH effect was measured in the given range. While OchA shows increased absorption spectra with increasing the pH. However, the study was performed at neutral pH 7 for both the toxins as it is neutral.
[image: Figure 4]FIGURE 4 | (A) The effect of different pH for AFB1. (B) The effect of different pH for OchA.
3.3 UV-Visible Spectroscopic Studies to Explore Interactions of AFB1 and OchA With MnO2 nps
The absorption spectrum of MnO2 nps was recorded in the absence and presence of AFB1 and OchA mycotoxins in the range between 230 and 460 nm in PBS at pH 7. The MnO2 nps absorption peak was obtained at 260 nm, as shown in the inset of Figure 5 (a) and (b). Absorption spectra were recorded for both AFB1 and OchA under similar conditions in the presence of MnO2nps. Two peaks were observed for AFB1 at 265 and 365 nm wavelength in which the broad peak at 365 nm of AFB1 shows a significant peak, as shown in Figure 5A. Similarly, two peaks were observed for OchA at 340 and 380 nm, where the 380 nm wavelength broad peak shows the major one, as shown in Figure 5B. The absorption intensities of both AFB1 and OchA were increased, with the addition of MnO2nps. This increase in the absorption peak of both toxins in the presence of MnO2 nps indicates the interaction with MnO2 nps.
[image: Figure 5]FIGURE 5 | (A) UV-visible absorption plot of MnO2nps (zoomed image in both insets), AFB1, and AFB1 in the presence of MnO2nps. (B) UV-visible absorption plot of OchA and OchA in the presence of MnO2nps.
The interaction study was performed using different concentrations of AFB1 and OchA (400 ng ml−1–15 μg ml−1) at fixed MnO2 nps concentrations. The molecular interaction between the chromophore and nucleic acid was observed based on the absorption spectra changes and shifting of the wavelength toward the red/blue side (Hajian and Guan Huat, 2013).
The interaction between AFB1 (Figure 6A) and OchA (Figure 6B) with MnO2 nps was measured using the principle of UV titration method. In this phenomenon, the absorption peak of AFB1 for the highest concentration (15 μg ml−1) at 365 nm wavelength was observed to be highest because of maximum interaction and energy exchange from MnO2 nps to AFB1. With decreasing the concentration of AFB1, the sequential decreased in absorption peaks was observed due to fewer AFB1 molecules in the solution. On the other hand, OchA also performed similarly to that of AFB1. In the case of OchA, the absorption peak for the highest concentration (15 μg ml−1) was observed at 380 nm wavelength, and by decreasing the concentration, the absorption decreased. Thus, using the same MnO2 nps, the two different mycotoxins AFB1 and OchA, were detected at the different absorption wavelengths.
[image: Figure 6]FIGURE 6 | UV-visible response study of (A) AFB1 at different concentrations (inset) calibration curve of AFB1 (B) OchA at different concentrations (inset) calibration curve of OchA.
The continuous decrease in the concentration from 15 μg ml−1–400 ng ml−1 of AFB1 and OchA led to a change in absorption spectra intensity, which was slowly saturated. The peak intensity at 365 nm corresponding to AFB1 decreases with the decrease in the concentration of AFB1. Similarly, for OchA, the decreasing pattern corresponded to 380 nm and decreased the concentrations. This approach was followed by calculating the binding constant between MnO2 nps and AFB1, determined using the Wolfe–Shimer equation. (Hajian et al., 2017) (Hajian and Guan Huat, 2013) The Wolfe–Shimer equation is given below:
[image: image]
Here, A0 and A represent the absorbance of MnO2nps in the absence and presence of AFB1 and OchA, respectively, εG, εH-G are their respective absorption coefficient, kb represents the binding constant, and [AFB1] and [OchA] shows the concentration of [AFB1] and [OchA].
A linear plot was observed between [image: image] vs. [image: image]. The binding constant (kb) was calculated as 1.62×104 and 2.67×104 Lg−1 for AFB1 and OchA, respectively, from the linear equation, and the intercept ratio was the slope.
3.4 Spiked Sample Study
The response of AFB1 and OchA was also monitored in the spiked real corn sample with varying concentrations of 15 μg ml−1 to 1 μg ml−1 under similar conditions shown in Figure 7 (A) and (B), respectively. During the measurement, the above‐mentioned concentrations of each AFB1 and OchA were spiked in the corn sample. In the case of AFB1 Figure 7A, the magnitude of the spiked sample's absorbance was increased slightly compared to AFB1. The recovery percentage of the spiked sample was obtained between 78.26 and 109.42%. On the other hand, the spiked OchA sample's absorbance was much decreased compared to OchA (Figure 7B), and the recovery percentage was recorded between 17.5 and 89.13%.
[image: Figure 7]FIGURE 7 | Spiked corn sample study in comparison of (A) AFB1 and (B) OchA.
3.5 Interferent Study
The interference study was carried out to prove the proposed system's applicability in real corn samples, as shown in Figure 8 for AFB1(A) and OchA (B) separately. This study was carried out in the presence of fumonisin (FuB1) mycotoxin and naturally occurring chemicals in corn, such as d-fructose, cellulose, and starch. To test the selectivity, 10 ug ml−1 of interferents (FuB1, d-fructose, cellulose, and starch) were introduced inside the solution MnO2 nps, and absorption spectra were recorded. Results have shown the higher selectivities for AFB1 and OchA with MnO2 nps compared to various interferents.
[image: Figure 8]FIGURE 8 | Selectivity studies of (A) AFB1 and (B) OchA.
3.6 Thermodynamic Analysis
To understand the mechanism involved in the titration interactions, the thermodynamic parameters help. The Gibbs free energy of the system was therefore calculated. The Gibbs free energy is the thermodynamic system that measures the thermodynamic parameter at constant temperature and pressure. Study of Gibbs free energy for AFB1 led to the driving forces that govern the binding of AFB1 to MnO2 nps. The driving forces dictate the association between AFB1 and MnO2 nps, which results from interaction and energy exchange among them. In this respect, the thermodynamic analysis was carried out to investigate the standard Gibbs free energy (ΔG0) change for the binding of AFB1 and OchA with MnO2 nps. (Hajian and Guan Huat, 2013). The expression of a standard Gibbs relation is given below:
[image: image]
where R is gas constant, and T is the temperature (25°C) in Kelvin.
The calculated Gibbs free energy for the interaction between AFB1 and OchA with MnO2 nps are −24.002 and −25.256 kJ/mol, respectively. The interaction between the AFB1 and OchA with MnO2 nps took place through electrostatic interaction because of the positive nature of MnO2 nps as it interacts with AFB1 and OchA. As is shown in Figures 5A,B, the UV-visible absorption spectra of AFB1 and OchA have maximum absorption peaks at 365 and 380 nm, respectively. The intensity enhancement of the absorption peaks of MnO2 nps after toxins is the preliminary identification of interaction. The increase of the absorption spectra was associated with the AFB1, and OchA molecules adsorbed at the interface of the MnO2 nps. The schematic illustration to propose electrostatic interaction between MnO2 nps with AFB1 and OchA is shown in Figure 9. The outcomes of the sensing performance achieved in this research and comparison of reported systems are summarized in Table 1. In all the reported literature, the photoluminescence property of SPR was mainly used, whereas, in the present study, the sensing parameter was absorbance change through the UV-titration method. Also, in the present study, two toxins AFB1 and OchA were studied simultaneously with different absorbance wavelengths.
[image: Figure 9]FIGURE 9 | Schematic of interaction between MnO2 nps and AFB1 (A) and OchA (B) explaining a sequential decrease in the absorbance of OchA.
TABLE 1 | Summary of sensing performance in comparison to reported sensors.
[image: Table 1]4 CONCLUSION
This research, for the first time, presented MnO2 nps for bio‐active, mediator, and labeled free detection of AFB1 and OchA rapidly and at a very low level. In this optical sensing approach, it is observed that the UV-visible spectroscopic technique exhibited a well-defined distinguished absorption peak for AFB 1 and OchA at wavelengths of 365 and 380 nm, respectively, binding with MnO2 nps. Such a distinguished absorption band, specific to the targeted toxin, varied as a function of AFB 1 and OchA concentration. Such MnO2 nps-toxin (AFB1/OchA) exhibited detection range as 15 μg ml−1–400 ng ml−1 and LOD as 4.08 (AFB1)/10.84 (OchA) ng/ml. We believe that such of highly sensitive MnO2 nps based AFB1 and OchA optical sensing can be developed as an analytical system of reduced form factor with potential application in food safety management.
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