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Abstract

:

In this study, a liquid chromatography-tandem mass spectrometry (LC-MS/MS) method for simultaneous determination of deoxynivalenol, aflatoxin B1, zearalenone, ochratoxin A, T-2 toxin and fumonisin B1 in feed and feedstuff was established. The sample was extracted with an acetonitrile–water mixture (60:40, v/v), purified by an immunoaffinity column, eluted with a methanol–acetic acid mixture (98:2, v/v), and reconstituted with a methanol–water mixture (50:50, v/v) after drying with nitrogen. Finally, the reconstituted solution was detected by LC-MS/MS and quantified by isotope internal standard method. The six mycotoxins had a good linear relationship in a certain concentration range, the correlation coefficients were all greater than 0.99, the limits of detection were between 0.075 and 1.5 µg·kg−1, and the limits of quantification were between 0.5 and 5 µg·kg−1. The average spike recoveries in the four feed matrices ranged from 84.2% to 117.1% with relative standard deviations less than 11.6%. Thirty-six actual feed samples were analyzed for mycotoxins, and at least one mycotoxin was detected in each sample. The proposed method is reliable and suitable for detecting common mycotoxins in feed samples.
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Key Contribution: Mycotoxins are widely contaminated in feed, which can reduce the nutritional value of feed, affect the performance of animals and endanger animal health because of their toxicological effects such as hepatotoxicity, nephrotoxicity and carcinogenic teratogenicity. Besides, mycotoxins in feed may cause food safety concerns by accumulating in animal-derived food such as meat, eggs, and milk. Therefore, it is of great significance to develop the detection technology of mycotoxins in animal feed. In this study, we prepared a multi-antibody mycotoxin immunoaffinity column for the purification of six mycotoxins. On this basis, we established a liquid chromatography–tandem mass spectrometry method for the simultaneous analysis of six major mycotoxins, which can provide an effective detection means for the monitoring of mycotoxins in feed and feedstuff.










1. Introduction


Mycotoxins are biologically active secondary metabolites produced by various fungi, such as Aspergillus, Penicillium and Fusarium. Mycotoxins are widely present in various food and feed [1]. More than 300 mycotoxins have been identified, the most common of which are aflatoxin B1 (AFB1), deoxynivalenol (DON), zearalenone (ZEN), ochratoxin A (OTA), T-2 toxin (T-2) and fumonisin B1 (FB1) [2]. Every year, about 25% of crops in the world are contaminated with mycotoxins, causing huge economic losses to the livestock industry [3,4]. Studies have shown that mycotoxins can lead to immunosuppression, and also have a series of potential toxic effects such as hepatotoxicity, nephrotoxicity, immunotoxicity, carcinogenic teratogenicity, and estrogen-like effects [5,6,7,8,9]. On farms, chronic exposure to mycotoxins for animals will result in reduced feed intake [10], reduced feed conversion efficiency [11], increased morbidity [12], reproductive performance degradation [13,14], etc. In addition, mycotoxins in feed can also accumulate in animal-derived food such as meat, eggs, and milk, and thus may pose potential hazards to human health [15]. Economic losses and health risks from mycotoxins in feed have become a global concern. Currently, some regulations have been established for the limit of six major mycotoxins in feed and feedstuff to decrease their toxicological effects in farm animals in many countries. In the European Union, strict limits for mycotoxins in feed such as pig compound feed were regulated in the instruction of 2006/576/EC with limit values of 0.01, 0.9, 0.25, 0.05 and 5 mg·kg−1 for AFB1, DON, ZEN, OTA, and Fumonisins (B1 + B2), respectively [16]. Maximum tolerated levels of 0.01, 1.0, 0.25, 0.1, 0.5 and 5 mg·kg−1 for AFB1, DON, ZEN, OTA, T-2 toxin and Fumonisins (B1 + B2) in pig compound feed were also set in China [17]. Taken together, it is of great importance to monitor the concentrations of mycotoxins in feed and feedstuff.



The detection methods of mycotoxins mainly include thin layer chromatography (TLC) [18], enzyme-linked immunosorbent assay (ELISA) [19,20], high performance liquid chromatography (HPLC) [20,21,22] and liquid chromatography–tandem mass spectrometry (LC-MS/MS) [23,24]. Among them, the LC-MS/MS method has high accuracy, and it is widely used in the quantitative analysis of mycotoxins in feed. During the extraction process, the fat, protein, pigment and other substances present in feed will also be extracted at the same time, which will interfere with the analysis. It is therefore necessary to purify the sample to remove these impurities. The purification methods of various mycotoxin extracts in feed include QuEChERS (quick, easy, cheap, effective, rugged, and safe) method, multifunctional purification column and immunoaffinity column (IAC), among which IAC achieves a better purification performance [25,26,27]. The principle of the IAC purification method is based on the specific binding of antibodies and antigens, and the purification effect is excellent, which can ensure a good recovery ratio. IAC has been successfully applied to the determination of mycotoxins in feed and feedstuff by LC-MS/MS, but mostly single mycotoxin. Li et al. [28] developed a DON monoclonal antibody-based IAC as a purification tool, and successfully determined the DON content in cereals by ultra-high performance liquid chromatography–tandem mass spectrometry (UPLC-MS/MS). AlFaris et al. [29] applied IAC to the determination of regulated aflatoxins in baby food and feeds and performed satisfactory recoveries. Surely, multifunctional IACs for two or three kinds of mycotoxins were certain reported. In the research of Li et al., a multiple IAC cleanup-based LC-MS/MS method for monitoring DON and T-2 toxin in cereal samples were developed [30]. However, IACs for more than three mycotoxins were rarely reported. Although a report of McKay et al. achieved the analysis of 11 mycotoxins in animal feed by LC-MS/MS with a multi-antibody IAC cleanup, some mycotoxins had low recoveries and outliers without the use of isotopic internal standards [31].



Different feed ingredients and feed products have complex matrix components, which can enhance or inhibit the ionization of mycotoxin analytes, thereby affecting the accurate quantification of mycotoxins. The stable isotope internal standard has been proven effective to correct matrix effects [32,33]. When the isotope internal standard is used in mycotoxin analysis, the ratio of the isotope internal standard and analyte in feed matrices is stable even after tedious sample preparation because of their nearly identical physical and chemical properties. In other words, the changes of mycotoxins and their isotopic internal standards in feed and feedstuff are synchronized, and losses or promotion of the mycotoxin are completely compensated for by identical losses or promotion of the isotope internal standard [34]. Overall, the use of stable isotope internal standard can better eliminate matrix effects of different feed and feedstuffs, which can effectively improve quantitative accuracy.



However, to the best of our knowledge, there have not been any LC-MS/MS method reports concerning simultaneous determination of the six major mycotoxins in feed using both IAC and stable isotope internal standard. Obviously, it is essential to develop an effective method for monitoring multiple mycotoxins in feed for risk assessment. Hence, the aims of this study were to prepare a novel multi-IAC based on six major mycotoxin antibodies and to develop a sensitive and reliable LC-MS/MS method based on immunoaffinty cleanup and isotope dilution for the determination of six major mycotoxins in feed and feedstuff. The developed method was expected to be a useful tool for feed safety monitoring and exposure assessment of mycotoxins.




2. Results and Discussion


2.1. Preparation of IACs


2.1.1. Column Capacity


Ten milliliters of phosphate buffered solution (PBS, 0.1 M, pH 7.4, containing 5 µg of DON, ZEN, T-2 toxin and FB1, and 1 µg of AFB1 and OTA) was taken and passed through an IAC to test the capacity of column. After rinsing with 10 mL of pure water and eluting with 3 mL of methanol–acetic acid solution (98:2, v/v), the eluate was collected and the concentrations of mycotoxins were then detected by LC-MS/MS. The results of the maximum adsorption capacity of the IAC for six major mycotoxins are shown in Table 1. For trace analysis of mycotoxins in feed samples, the prepared IAC is sufficient for targets purification and super high contaminated samples could be diluted before IAC purification. To our knowledge, most investigations of IACs were mainly focused on single mycotoxin and its metabolites [28,29,35,36], or two to three kinds of mycotoxins [30,37,38], while multifunctional IACs for more than three mycotoxins were rarely reported [31]. The current study developed a multi-antibody IAC and could be applied for six major mycotoxins purification in feed and feedstuff with satisfactory capacities.




2.1.2. Specificity


Ten milliliters of PBS (0.1 M, pH 7.4, containing 0.5 µg of DON, ZEN, T-2 toxin and FB1, and 0.05 µg of AFB1 and OTA) was taken and passed through an IAC, rinsed with 10 mL pure water, and eluted with 3 mL of methanol–acetic acid solution (98:2, v/v), and then the eluate was collected for LC-MS/MS analysis to determine the retention of these mycotoxins on the IAC for investigating the specific adsorption of the IAC. The recovery results of six major mycotoxins and their analogs on the IAC are shown in Table 2; all six analytes had recoveries above 95.8%. Except for the six major mycotoxins, the developed multi-antibody based mycotoxin IAC also showed a high adsorption capacity for other analogs of the six mycotoxins with recoveries all above 93.6%, while the other mycotoxins such as citrinin and patulin were not recovered (Table S1). Thus, it has the potential for the purification of the six types of mycotoxins.





2.2. Method Optimization


2.2.1. LC-MS/MS Conditions


HPLC was performed by an Acquity UPLC® BEH C18 column under a gradient elution program for analytes separation. Comparing different column temperatures of the chromatographic column, it was found that when the column temperature was lower than 50 °C, the column pressure of the chromatographic column was high and may exceed the pressure limit of the machine, and when the column temperature was 50 °C, the column pressure decreased and became stable. Besides, the quality of each mycotoxin chromatographic peak achieved the best at the flow rate of 0.3 mL·min−1. The mobile phase of the six major mycotoxins detected by LC-MS/MS was mostly a methanol–water system, and 0.3% formic acid and 5 mM ammonium formate were reported to be added into the aqueous phase to benefit the ionization efficiency [39]. In this research, addition of 0.15% formic acid and 10 mM ammonium formate increased the ionization efficiency and remarkably improved the chromatographic peak shapes. Finally, a gradient elution procedure described in Section 4.5 was employed for the HPLC mobile phase to obtain good separations and high S/N ratios. The whole HPLC program ran within 10 min, and satisfactory separation and peak shape of most mycotoxins were obtained (Figure 1). Compared with some previous studies for LC-MS/MS simultaneous analysis of mycotoxins, such as the 14 min analysis of DON and ZEN in soil matrix [40], and the 10 min determination of AFB1, T-2 toxin, OTA and DON in dried seafood products [41], the developed method has the advantages of shorter analysis time and more detected mycotoxin types.




2.2.2. The Application of Isotope Internal Standards


Effects of the use of isotope internal standards or not were compared based on the recovery of the six mycotoxins in pig compound feed with a certain spiked level and three replicates (n = 3) to achieve method optimization. The compared recovery results are shown in Table 3, when isotope internal standards were not used, the calculated recoveries of six major mycotoxins ranged from 47.0% to 109.1% with the relative standard deviations (RSDs) ranging from 4.5% to 24.1%. In particular, the recovery rate of T-2 toxin was as low as 47.0%. Besides, AFB1 showed a recovery of 58.1% and a RSD of 24.1%, which indicated a poor analytical accuracy of this method. Actually, there were even several outliers when making the standard curve absence of the isotope internal standard, which affected the accurate quantification. Conversely, higher recoveries of 92.5% to 111.0% and lower RSDs of 0.9% to 8.5% for six mycotoxins in spiked pig compound feed were obtained when isotopic internal standards were used. Finally, isotopic internal standards were performed in this study for correcting matrix effects to achieve satisfactory recoveries and RSDs.




2.2.3. The Selection of Product Ions


The selection of different product ions will lead to differences in the peak area ratio of mycotoxins and their isotope internal standards between standard solutions and feed samples, thus affecting the accuracy of the results. Whether the peak area ratio of high-response mycotoxins and their isotope internal standard product ions in the standard solutions and different feed matrices is consistent remains to be investigated. Therefore, we screened 2–3 of product ions for each mycotoxin and its isotope internal standard. A certain concentration of standard mycotoxins (half the limit of mycotoxins in pig compound feed set by Chinese government, i.e., 5, 500, 125, 50, 250 and 2500 μg·kg−1 for AFB1, DON, ZEN, OTA, T-2 toxin and FB1, respectively) was then added to six different blank feed matrices including corn, wheat, chicken feed, duck feed, sow feed and piglet feed, and good peak shapes and response values of mycotoxins in different matrices could be obtained under this concentration. In this way, the changes of the peak area ratios of mycotoxins and their isotope internal standards with different product ions in standard products and different feed matrices were investigated. The information of screened product ions is shown in Table 4, and the changes of the peak ratios of different mycotoxins in standard solution and six feed matrices are shown in Figure 2.



In this study, product ions were selected based on the comprehensive consideration of the peak area ratio RSDs and the ion response intensity of mycotoxins in different matrices. For example, when we selected the product ion of “m/z 285.1” for AFB1, the ion response intensity was stronger than that of “m/z 241”; and when the product ion of “m/z 241” was selected, the RSD of the peak area ratio of AFB1 and 13C17-AFB1 in the six feed matrices and the standard solution was the lowest. The optimal product ions for the six major mycotoxins were finally determined in this way. To our knowledge, it was proposed for the first time that the response of the same product ion in standard solutions and different feed matrices have a certain difference in this study. The detection contents of mycotoxins may more accurate by detecting the response changes of different product ions to various types of feed matrices and screening out a more general product ion.





2.3. Method Validation


2.3.1. Linearity and Sensitivity


Linearity was tested by preparing standard curves of the six major mycotoxins. 4 µL of 13C15-DON, 13C18-ZEN, 12C24-T-2 toxin and 13C34-FB1, 2 µL of 13C17-AFB1 and 10 µL of 13C20-OTA standard solutions were added to 1 mL of each mixed mycotoxin working solution of different concentrations, and the actual concentrations of 13C15-DON, 13C18-ZEN, 12C24-T-2 toxin and 13C34-FB1 were 100 ng·mL−1, 13C17-AFB1 2 ng·mL−1, and 13C20-OTA 10 ng·mL−1. The concentrations of each mycotoxin were 5–1000 ng·mL−1 for DON, 0.25–50 ng·mL−1 for AFB1, 2.5–500 ng·mL−1 for ZEN, 0.5–100 ng·mL−1 for OTA, 2.5–500 ng·mL−1 for T-2 toxin and 25–5000 ng·mL−1 for FB1, respectively. Assays were performed from low to high concentrations. Standard curves were drawn with the peak area ratio of mycotoxins and their isotope internal standards as the ordinate and the mycotoxin concentrations as the abscissa. Standard curve regression equations with acceptable linear relationships (R2 over 0.99 for each mycotoxin) were obtained (Table 5).



Sensitivity of this method was assessed by measuring the limit of detection (LOD) and limit of quantification (LOQ) in this study. Limit of detection is monitored on the basis of S/N > 3, and it is described as the lowest detection concentration of targets in samples, while the limit of quantitation is based on S/N > 10 [30]. LODs for targets were 0.075–1.5 µg·kg−1 and LOQs were 0.5–5 µg·kg−1 in this study (Table 5). The LODs and LOQs of this method were more sensitive than those of the LC-MS/MS method reported in the previous studies [30,42,43], and it can meet the requirements of low-level mycotoxin analysis.




2.3.2. Recovery and Precision


The recoveries, standard deviations (SDs) and RSDs of the six major mycotoxins in four blank feed matrices (corn, wheat, pig feed and chicken feed) with three spike levels and three replicates (n = 3) are shown in Table 6. The mean recoveries of the six major mycotoxins in four different feed matrices at three spike levels were 84.2–117.1% with RSDs ranging from 0.2% to 11.6%. The recovery results in our study were similar to the results that the mean recoveries of six zearalenones varied between 82.5% and 106.4% for animal feed sample LC-MS/MS [44] and the mean recoveries of OTA ranged from 82.0% to 109.0% for poultry tissues and eggs sample LC-MS/MS [45]. Besides, compared with the LC-MS/MS method for the simultaneous detection of 15 mycotoxins in aquaculture feed developed by Albero et al. [46], our study showed a better FB1 recovery of 94.8–117.1% than that of 10–25%. This results indicated that the established method is reliable, sensitive and suitable for the determination of six major mycotoxins in feed and feedstuff.




2.3.3. Stability


The intermediate concentration in the recovery experiment was selected for the stability studies, and the isotope internal standard was added equally in the standard solutions and feed matrices. In this research, the sample solutions were analyzed at different time points (0, 6, 12, 18, 24, 48 and 72 h) at 4 °C, 25 °C, and 37 °C, respectively. The figures were plotted with the measurement time on the x-axis and the peak area ratio of mycotoxins and their isotope internal standards on the y-axis. The stability results are shown in Figure 3 and Figures S1–S4. The determination results of the six mycotoxins in the standard solution and four feed matrices were stable within 72 h under different temperature conditions, and the RSDs were all less than 9.9%.





2.4. Application to Feed Samples for Mycotoxins Analysis


In order to test the reliability of this method, we used the established method to determine the concentrations of six mycotoxins in 36 feed samples including eight corn samples and six wheat samples collected from local feed wholesale market in China, and eight pig compound feed samples, eight chicken compound feed samples and six fermented cattle feed samples from different feed production companies in China. The detection results are shown in Table 7, with more than one mycotoxin detected in all feed samples. The actual sample detection results preliminarily confirmed the general applicability of the established LC-MS/MS method among those common feed samples, and revealed the co-occurrence of multiple mycotoxins in a way. In fact, feed and feedstuffs can be easily contaminated with mycotoxins, and the co-occurrence of mycotoxins is extremely frequent. Franco et al. [47] confirmed a ratio of 51% for the co-occurrence of two or more mycotoxins in 45 maize-based feed samples collected from Brazilian farms. Streit et al. [48] found 38% of the samples were co-contaminated by multiple mycotoxins when investigating the contamination of 17,316 samples of feed and feed raw materials from all over the world. Similarly, a study carried by Arroyo-Manzanares et al. [49] showed that 40% of 228 pig feed samples from Spain were contaminated with more than five mycotoxins. Besides, it is astonishing that all of the 120 pelleted poultry feed samples from Argentina were co-contaminated by FB1, HT-2 and T-2 toxin in the research of Monge et al. [50]. It is clear that mycotoxin co-contamination usually raises public concerns because the combination of multiple mycotoxins may result in an additive or synergistic toxicological effects when compared with a single mycotoxin exposure [51].



Indeed, all detected mycotoxin contents among 36 actual feed samples in this study did not exceeding the maximum permitted levels set by the Chinese government (1–5 mg·kg−1 for DON, 10–50 µg·kg−1 for AFB1, 0.15–0.5 mg·kg−1 for ZEN, 100 µg·kg−1 for OTA, 0.5 mg·kg−1 for T-2 toxin and 5–60 mg·kg−1 for Fumonisin (B1 + B2)) [17]. Nonetheless, such feed samples may increase the health risk of long-term feeding for animals due to the co-contamination of multiple mycotoxins. A negative influence of feed conversion was observed in a longitudinal study when broiler chickens were chronically fed a naturally contaminated diet containing low doses of multiple mycotoxins below EU regulatory limits [52]. Additionally, Jia et al. [53] found that a combined dose of DON and ZEN around China’s regulatory limits negatively affected body weight gain and feed consumption and even impaired intestinal functions of piglets. It is necessary to continuously monitor the contamination of mycotoxins in feed and feedstuff and evaluate the impact of co-contamination of low-level mycotoxins on livestock and poultry health. Moreover, similar to the food matrix, more than one contaminant may be present in the same feed. The co-occurrence of mycotoxins and other contaminants in feed such as pesticide and veterinary drug residues, heavy metals and biogenic amines may cause an increased toxicity, and it cannot be ignored [54,55]. Based on the developed LC-MS/MS method of our study, the co-detection technology of mycotoxins and other contaminants in feed can be further explored to comprehensively ensure the quality and safety of feed.



Overall, it is confirmed that the established method can be used for multiple mycotoxin monitoring in feed and feedstuffs. This method achieves a single 10 min run for simultaneous analysis of the six major mycotoxins, which greatly improves the detection efficiency and reduces the running cost of mass spectrometry. Additionally, it shows an outstanding greenness property using less organic solvents compared with conventional liquid–liquid extraction [56]. However, there are still some limitations for this method. Firstly, the detection cost of this LC-MS/MS method is higher than that of the rapid detection method. Secondly, the operation of mass spectrometer is especially complicated, and professional and technical personnel are required for sample analysis. Thirdly, the expensive machine determines that this method is not suitable for on-site detection at the grassroots level.





3. Conclusions


In this study, a liquid chromatography-tandem mass spectrometry method based on multi-antibody IAC cleanup and isotope dilution for the analysis of six major mycotoxins in feed and feedstuff was developed. The established LC-MS/MS method had the advantages of good sensitivity, high precision, excellent recoveries, and simple pretreatment operation, which can simultaneously detect DON, AFB1, ZEN, OTA, T-2 toxin, and FB1 in feed samples. Five types of actual feed samples (total of 36) were detected for the concentrations of the six major mycotoxins using the established method and at least one mycotoxin was detected in all samples, which indicated that the established LC-MS/MS method has strong applicability and can be used for the detection of major mycotoxins in different types of feed samples. In conclusion, this study provides a reliable detection technology for the rapid and simultaneous detection of six major mycotoxins in feed and feedstuff.




4. Material and Methods


4.1. Chemicals and Reagents


1 milligram standard mycotoxins powders of AFB1, ZEN, DON, OTA, T-2 toxin and FB1 (subsequently dissolved in acetonitrile to give solutions of 1 mg·mL−1 and stored at −20 °C), 1 mL isotope internal standard solutions of 13C17-AFB1, 13C18-ZEN, 13C15-DON, 13C20-OTA, 12C24-T-2 toxin and 13C34-FB1 prepared in acetonitrile and stored at −20 °C (25 µg·mL−1 for 13C15-DON, 13C18-ZEN, 12C24-T-2 toxin and 13C34-FB1, 0.5 µg·mL−1 for 13C17-AFB1 and 1 µg·mL−1 for 13C20-OTA), and Sephrose 4B gel (CNBr-activated) for IAC preparation were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile, methanol, formic acid and ammonium formate (HPLC grade) were also from Sigma-Aldrich (St. Louis, MO, USA). Hydrochloric acid (HCl), sodium bicarbonate (NaHCO3), sodium chloride (NaCl), tris, glacial acetic acid, potassium chloride, disodium hydrogen phosphate, potassium dihydrogen phosphate, sodium dihydrogen phosphate, and sodium azide (NaN3) were of analytical grade, purchased from Beijing Chemical Reagent Company (Beijing, China). A Milli-Q water purification system was obtained from Millipore (Bedford, MA, USA), and the resistivity of water was 18.2 MΩ·cm at 25 °C.




4.2. Apparatus


High performance liquid chromatograph and Tandem quadrupole mass spectrometer were purchased from Agilent Technologies (Santa Clara, CA, USA). Electronic analytical balance (BSA124S) was from Sartorius (Beijing, China). Sartolab® RF filter was from Sartorius (Shanghai, China). Vortex mixer (Model HQ-60) was obtained from North TZ-Biotech. Co., Ltd. (Beijing, China). High-speed cryogenic centrifuge (Biofilge 22R) was purchased from Heraeus (Hanau, Germany), and nitrogen evaporator (HSC-24B) was purchased from Beijing Chenxi Yongchuang Technology Co., Ltd. (Beijing, China).




4.3. Preparation of IACs


4.3.1. Matrix Preparation


An amount of 3 g (±0.02 g) of base powder (CNBr-activated Sephrose 4B) was weighed and dissolved in 10 mL of 1 mM HCl. The matrix swelled immediately and then was placed in a sintered glass filter (porosity: G3) and washed with 1 mM HCl for 15 min. Approximately 400 mL of 1 mM HCl were used in portions.




4.3.2. Ligand Conjugation


Briefly, the swollen CNBr-activated Sepharose 4B was washed with 10 mL of coupling buffer (0.5 M NaCl, 0.1 M NaHCO3, pH 8.3) and quickly transferred into the antibody solution. Then, 3 g of matrix Sepharose 4B was conjugated with 45 mg of mycotoxins monoclonal antibodies (3 mg of AFB1 antibody, 3 mg of OTA antibody, 6 mg of ZEN antibody, 10 mg of DON antibody, 15 mg of FB1 antibody and 8 mg of T-2 antibody, the antibody mixture was optimized based on the expected capacity of IAC by trial and error). Next, the above mixture was fully mixed in an end-over-end manner under room temperature (20–25 °C) for 2 h, or at 4 °C overnight. Then, the mixture was centrifuged at 4 °C, 376× g for 1 min, and the supernatant was transferred to a new centrifuge tube and the OD280 nm value was measured. In the next step, the Sepharose 4B at the bottom of the centrifuge tube was taken and washed with at least 5 times the volume of matrix (gel) coupling buffer to remove excess ligand. Then the matrix was transferred to 0.1 M Tris-HCl buffer (pH 8.0) or 1 M ethanolamine (pH 8.0) for 2 h at room temperature or 16 h at 4 °C to block all remaining active groups. In order to remove the excess ligands that were not coupled after coupling, the matrix was washed with low and high pH buffers in sequence at least 5 times the volume of each matrix for at least 3 cycles.




4.3.3. Packing in Columns


In the research, wet packing was used. After the column was packed, 5 times the column bed volume of 0.01% NaN3-PBS (sterile filtered by Sartolab® RF filter) was passed through the column, and 0.01% NaN3-PBS was used for storage.





4.4. Sample Preparation


An amount of 5 g (±0.02 g) of feed samples was weighed and transferred to a 50 mL polypropylene centrifuge tube, then 1 g of sodium chloride was added. Later, 20 mL of acetonitrile–water mixture (60:40, v/v) was added to samples and vortexed for 30 min for extraction. Then, each sample was centrifuged at 4 °C, 6010× g for 10 min, and the supernatant was filtered into another 50 mL tube. Next, 2.0 mL of supernatant was diluted with 48.0 mL of 1% Tween-20 in PBS (PBST, pH 7.4). Then, 20 mL of the diluted supernatant was taken and 4 µL of 13C15-DON, 13C18-ZEN, 12C24-T-2 toxin and 13C34-FB1, 2 µL of 13C17-AFB1 and 10 µL of 13C20-OTA standard solutions were added for use.



The 20 mL filtrate in the above step was all passed through the IAC at a flow rate of 1–2 drops per second until air entered the IAC. Next, 10 mL of PBS (0.1 M, pH 7.4) was passed through the IAC at a flow rate of 1–2 drops per second until air entered the IAC. Then, the IAC was rinsed with 3 mL of methanol–acetic acid solution (98:2, v/v) at a flow rate of 1 drop per second, and the eluent was collected in a glass test tube. After concentrated and dried under nitrogen at 50 °C, the volume was made up to 1 mL with methanol–water (50:50, v/v) for LC-MS/MS analysis.




4.5. LC-MS/MS Analysis


Chromatographic separation for six major mycotoxins was performed on an Acquity UPLC® BEH C18 Column (1.7 μm, 2.1 × 100 mm) with column temperature at 50 °C. Mobile phase A (methanol, 0.05% formic acid) and mobile phase B (water, 0.15% formic acid, 10 mM ammonium formate) were used. Gradient elution program was used with initial mobile phase at 15% of Solvent A and 85% of solvent B. From 0 to 0.5 min, solvent A maintained at 15%; 0.5–4 min, solvent A increased to 100%; 4–7 min, solvent A maintained at 100%; 7–7.1 min, solvent A decreased to 15%; 7.1–10 min, and solvent A maintained at 15%. The injection volume was 10 μL and follow rate was 0.3 mL·min−1.



The mass spectrometry was run with electrospray ion source and all the mycotoxins were detected in positive mode with other MS parameters as follows: the capillary voltage was set at 3500 V; drying gas temperature, 350 °C; drying gas flow, 5 L·min−1; Nebulizer, 50 psi; sheath gas temperature, 350 °C; sheath gas flow, 7 L·min−1. MS detection was performed in multi reaction monitoring mode (MRM, parameters are shown in Table 8).




4.6. Result Calculation


The mass fraction of the six mycotoxins in the feed samples was calculated according to the following formula:


  ω =   c ×  V 0  ×  V 2  ×  V 4    m ×  V 1  ×  V 3     



(1)




where:



ω was the mass fraction of mycotoxins (AFB1, ZEN, DON, OTA, T-2 toxin and FB1) in the sample (μg·kg−1);



c was the concentration of mycotoxins in the sample solution obtained from the standard curve (ng·mL−1);



V0 was the volume of the extraction solution (mL);



V1 was the volume of the supernatant taken after extraction and centrifugation (mL);



V2 was the total volume of the solution after dilution with PBST (mL);



V3 was the volume of diluted solution purified by IAC (mL);



V4 was the reconstituted volume after nitrogen blowing (mL);



m was the weight of the sample (g).



All data used for statistical material can be found in the Supplementary Material Table S1 and Figures S1–S4.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/toxins14090631/s1, Table S1: Recoveries of other mycotoxins on the IAC; Figure S1: Changes in peak area ratios of six major mycotoxins and their isotope internal standards in standard solutions with time at different temperatures (a. 4 °C, RSD all below 9.9% within 72 h; b. 25 °C, RSDs all below 8.4% within 72 h; c.37 °C, RSDs all below 9.9% within 72 h); Figure S2: Changes in peak area ratios of six major mycotoxins and their isotope internal standards in corn with time at different temperatures (a. 4 °C, RSDs all below 9.5% within 72 h; b. 25 °C, RSDs all below 7.7% within 72 h; c.37 °C, RSDs all below 9.6% within 72 h); Figure S3: Changes in peak area ratios of six major mycotoxins and their isotope internal standards in wheat with time at different temperatures (a. 4 °C, RSDs all below 9.8% within 72 h; b. 25 °C, RSDs all below 9.8% within 72 h; c.37 °C, RSDs all below 9.9% within 72 h); Figure S4: Changes in peak area ratios of six major mycotoxins and their isotope internal standards in chicken compound feed with time at different temperatures (a. 4 °C, RSDs all below 9.8% within 72 h; b. 25 °C, RSDs all below 9.9% within 72 h; c.37 °C, RSDs all below 9.2% within 72 h).





Author Contributions


Conceptualization, Y.L.; methodology, Y.L. and Y.J.; validation, Y.L., Y.J. and S.L.; formal analysis, Q.G. and X.W.; investigation, Y.L.; resources, Q.G. and X.W.; data curation, Y.L., Y.J. and S.L.; writing—original draft preparation, Y.L.; writing—review and editing, J.L. and Y.C.; supervision, W.Y., J.L. and Y.C.; project administration, J.L. and Y.C.; funding acquisition, Y.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was co-funded by the 2115 Talent Development Program of China Agricultural University and Open Projects of Beijing University of Agriculture under Grant number BUAPSP202209.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We would like to thank the technical support from Ruiqi Fan and Wanjun Zhang.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Marin, S.; Ramos, A.J.; Cano-Sancho, G.; Sanchis, V. Mycotoxins: Occurrence, toxicology, and exposure assessment. Food Chem. Toxicol. 2013, 60, 218–237. [Google Scholar] [CrossRef] [PubMed]

	



Binder, E.M.; Tan, L.M.; Chin, L.J.; Handl, J.; Richard, J. Worldwide occurrence of mycotoxins in commodities, feeds and feed ingredients. Anim. Feed Sci. Technol. 2007, 137, 265–282. [Google Scholar] [CrossRef]

	



Neme, K.; Mohammed, A. Mycotoxin occurrence in grains and the role of postharvest management as a mitigation strategies. A review. Food Control 2017, 78, 412–425. [Google Scholar] [CrossRef]

	



Rahman, H.U.; Yue, X.; Yu, Q.; Xie, H.; Zhang, W.; Zhang, Q.; Li, P. Specific antigen-based and emerging detection technologies of mycotoxins. J. Sci. Food Agric. 2019, 99, 4869–4877. [Google Scholar] [CrossRef]

	



Tatay, E.; Espin, S.; Garcia-Fernandez, A.J.; Ruiz, M.J. Estrogenic activity of zearalenone, alpha-zearalenol and beta-zearalenol assessed using the E-screen assay in MCF-7 cells. Toxicol. Mech. Methods 2018, 28, 239–242. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Pan, D.; Zhang, T.; Su, M.; Sun, G.; Wei, J.; Guo, Z.; Wang, K.; Song, G.; Yan, Q. Corn Flour Intake, Aflatoxin B1 Exposure, and Risk of Esophageal Precancerous Lesions in a High-Risk Area of Huai’an, China: A Case-Control Study. Toxins 2020, 12, 299. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Q.; Qin, Z.; Kuca, K.; You, L.; Zhao, Y.; Liu, A.; Musilek, K.; Chrienova, Z.; Nepovimova, E.; Oleksak, P.; et al. An update on T-2 toxin and its modified forms: Metabolism, immunotoxicity mechanism, and human exposure assessment. Arch. Toxicol. 2020, 94, 3645–3669. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, Y.; Yang, X.; Liu, M.; Huang, W.; Zhang, J.; Song, M.; Shao, B.; Li, Y. The nephrotoxicity of T-2 toxin in mice caused by oxidative stress-mediated apoptosis is related to Nrf2 pathway. Food Chem. Toxicol. 2021, 149, 112027. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, C.; Zhang, Y.; Yin, S.; Jia, Z.; Shan, A. Biochemical changes and oxidative stress induced by zearalenone in the liver of pregnant rats. Hum. Exp. Toxicol. 2015, 34, 65–73. [Google Scholar] [CrossRef]

	



Singh, R.; Park, S.; Koo, J.S.; Kim, I.H.; Balasubramanian, B. Significance of varying concentrations of T-2 toxin on growth performance, serum biochemical and hematological parameters in broiler chickens. J. Anim. Sci. Technol. 2020, 62, 468–474. [Google Scholar] [CrossRef]

	



Rao, Z.X.; Tokach, M.D.; Woodworth, J.C.; DeRouchey, J.M.; Goodband, R.D.; Calderon, H.I.; Dritz, S.S. Effects of Fumonisin-Contaminated Corn on Growth Performance of 9 to 28 kg Nursery Pigs. Toxins 2020, 12, 604. [Google Scholar] [CrossRef] [PubMed]

	



Benkerroum, N. Aflatoxins: Producing-Molds, Structure, Health Issues and Incidence in Southeast Asian and Sub-Saharan African Countries. Int. J. Environ. Res. Public Health 2020, 17, 1215. [Google Scholar] [CrossRef] [PubMed]

	



Marijani, E.; Charo-Karisa, H.; Gnonlonfin, G.J.B.; Kigadye, E.; Okoth, S. Effects of aflatoxin B(1) on reproductive performance of farmed Nile tilapia. Int. J. Vet. Sci. Med. 2019, 7, 35–42. [Google Scholar] [CrossRef]

	



Pang, J.; Zhou, Q.; Sun, X.; Li, L.; Zhou, B.; Zeng, F.; Zhao, Y.; Shen, W.; Sun, Z. Effect of low-dose zearalenone exposure on reproductive capacity of male mice. Toxicol. Appl. Pharmacol. 2017, 333, 60–67. [Google Scholar] [CrossRef] [PubMed]

	



Pizzolato Montanha, F.; Anater, A.; Burchard, J.F.; Luciano, F.B.; Meca, G.; Manyes, L.; Pimpão, C.T. Mycotoxins in dry-cured meats: A review. Food Chem. Toxicol. 2018, 111, 494–502. [Google Scholar] [CrossRef]

	



European Commission (EC). Commission Recommendation 576/2006/EC of 17 August 2006 on the presence of deoxynivalenol, zearalenone, ochratoxin A, T-2 and HT-2 and fumonisins in products intended for animal feeding. Off. J. Eur. Union 2006, L229, 7–9. [Google Scholar]

	



GB 13078-2017; Standardization Administration of the People’s Republic of China. Hygienical Standard for Feeds: GB 13078-2017. Standards Press of China: Beijing, China, 2017.

	



Qu, L.; Jia, Q.; Liu, C.; Wang, W.; Duan, L.; Yang, G.; Han, C.Q.; Li, H. Thin layer chromatography combined with surface-enhanced raman spectroscopy for rapid sensing aflatoxins. J. Chromatogr. A 2018, 1579, 115–120. [Google Scholar] [CrossRef]

	



Chen, J.; Wang, L.; Zhao, M.; Huang, D.; Luo, F.; Huang, L.; Qiu, B.; Guo, L.; Lin, Z.; Chen, G. Enzyme-linked immunosorbent assay for aflatoxin B-1 using a portable pH meter as the readout. Anal. Methods 2018, 10, 3804–3809. [Google Scholar] [CrossRef]

	



D’Agnello, P.; Vita, V.; Franchino, C.; Urbano, L.; Curiale, A.; Debegnach, F.; Iammarino, M.; Marchesani, G.; Chiaravalle, A.E.; De Pace, R. ELISA and UPLC/FLD as Screening and Confirmatory Techniques for T-2/HT-2 Mycotoxin Determination in Cereals. Appl. Sci. 2021, 11, 1688. [Google Scholar] [CrossRef]

	



Muscarella, M.; Iammarino, M.; Nardiello, D.; Lo Magro, S.; Palermo, C.; Centonze, D.; Palermo, D. Validation of a confirmatory analytical method for the determination of aflatoxins B1, B2, G1 and G2 in foods and feed materials by HPLC with on-line photochemical derivatization and fluorescence detection. Food Addit Contam Part. A Chem Anal. Control. Expo. Risk Assess. 2009, 26, 1402–1410. [Google Scholar] [CrossRef]

	



Kim, H.; Lee, M.; Kim, H.; Cho, S.; Park, H.; Jeong, M. Analytical method development and monitoring of Aflatoxin B1, B2, G1, G2 and Ochratoxin A in animal feed using HPLC with fluorescence detector and photochemical reaction device. Cogent Food Agric. 2017, 3, 1419788. [Google Scholar] [CrossRef]

	



Monbaliu, S.; Van Poucke, C.; Detavernier, C.; Dumoulin, F.; Van De Velde, M.; Schoeters, E.; Van Dyck, S.; Averkieva, O.; Van Peteghem, C.; De Saeger, S. Occurrence of Mycotoxins in Feed as Analyzed by a Multi-Mycotoxin LC-MS/MS Method. J. Agric. Food Chem. 2010, 58, 66–71. [Google Scholar] [CrossRef] [PubMed]

	



Nakhjavan, B.; Ahmed, N.S.; Khosravifard, M. Development of an Improved Method of Sample Extraction and Quantitation of Multi-Mycotoxin in Feed by LC-MS/MS. Toxins 2020, 12, 462. [Google Scholar] [CrossRef]

	



Rubert, J.; Dzuman, Z.; Vaclavikova, M.; Zachariasova, M.; Soler, C.; Hajslova, J. Analysis of mycotoxins in barley using ultra high liquid chromatography high resolution mass spectrometry: Comparison of efficiency and efficacy of different extraction procedures. Talanta 2012, 99, 712–719. [Google Scholar] [CrossRef] [PubMed]

	



Ma, S.; Wang, M.; You, T.; Wang, K. Using Magnetic Multiwalled Carbon Nanotubes as Modified QuEChERS Adsorbent for Simultaneous Determination of Multiple Mycotoxins in Grains by UPLC-MS/MS. J. Agric. Food Chem. 2019, 67, 8035–8044. [Google Scholar] [CrossRef]

	



Ye, Z.; Cui, P.; Wang, Y.; Yan, H.; Wang, X.; Han, S.; Zhou, Y. Simultaneous Determination of Four Aflatoxins in Dark Tea by Multifunctional Purification Column and Immunoaffinity Column Coupled to Liquid Chromatography Tandem Mass Spectrometry. J. Agric. Food Chem. 2019, 67, 11481–11488. [Google Scholar] [CrossRef]

	



Li, Y.; Wang, Z.; De Saeger, S.; Shi, W.; Li, C.; Zhang, S.; Cao, X.; Shen, J. Determination of deoxynivalenol in cereals by immunoaffinity clean-up and ultra-high performance liquid chromatography tandem mass spectrometry. Methods 2012, 56, 192–197. [Google Scholar] [CrossRef]

	



AlFaris, N.A.; Wabaidur, S.M.; Alothman, Z.A.; Altamimi, J.Z.; Aldayel, T.S. Fast and efficient immunoaffinity column cleanup and liquid chromatography-tandem mass spectrometry method for the quantitative analysis of aflatoxins in baby food and feeds. J. Sep. Sci. 2020, 43, 2079–2087. [Google Scholar] [CrossRef]

	



Li, Y.; Chen, A.; Mao, X.; Sun, M.; Yang, S.; Li, J.; You, Y.; Wu, Y.; Jiang, G. Multiple antibodied based immunoaffinity columns preparation for the simultaneous analysis of deoxynivalenol and T-2 toxin in cereals by liquid chromatography tandem mass spectrometry. Food Chem. 2021, 337, 127802. [Google Scholar] [CrossRef]

	



Mackay, N.; Marley, E.; Leeman, D.; Poplawski, C.; Donnelly, C. Analysis of Aflatoxins, Fumonisins, Deoxynivalenol, Ochratoxin A, Zearalenone, HT-2 and T-2 toxins in Animal Feed by LC-MS/MS Using Cleanup with a Multi-Antibody Immunoaffinity Column. J. AOAC Int. 2022, 105, 1330–1340. [Google Scholar] [CrossRef]

	



Lijalem, Y.G.; Gab-Allah, M.A.; Choi, K.; Kim, B. Development of isotope dilution-liquid chromatography/tandem mass spectrometry for the accurate determination of zearalenone and its metabolites in corn. Food Chem. 2022, 384, 132483. [Google Scholar] [CrossRef]

	



Gab-Allah, M.A.; Choi, K.; Kim, B. Development of isotope dilution-liquid chromatography/tandem mass spectrometry for the accurate determination of type-A trichothecenes in grains. Food Chem. 2021, 344, 128698. [Google Scholar] [CrossRef] [PubMed]

	



Rychlik, M.; Asam, S. Stable isotope dilution assays in mycotoxin analysis. Anal. Bioanal. Chem. 2008, 390, 617–628. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Lin, S.; Wang, Y.; Mao, X.; Wu, Y.; Liu, Y.; Chen, D. Broad-specific monoclonal antibody based IACs purification coupled UPLC-MS/MS method for T-2 and HT-2 toxin determination in maize and cherry samples. Food Agric. Immunol. 2020, 31, 291–302. [Google Scholar] [CrossRef]

	



Shen, M.H.; Singh, R.K. Determining aflatoxins in raw peanuts using immunoaffinity column as sample clean-up method followed by normal-phase HPLC-FLD analysis. Food Control 2022, 139, 109065. [Google Scholar] [CrossRef]

	



Wilcox, J.; Pazdanska, M.; Milligan, C.; Chan, D.; MacDonald, S.J.; Donnelly, C. Analysis of Aflatoxins and Ochratoxin A in Cannabis and Cannabis Products by LC-Fluorescence Detection Using Cleanup with Either Multiantibody Immunoaffinity Columns or an Automated System with In-Line Reusable Immunoaffinity Cartridges. J. AOAC Int. 2020, 103, 494–503. [Google Scholar] [CrossRef] [PubMed]

	



Girolamo, A.; Ciasca, B.; Pascale, M.; Lattanzio, V.M.T. Determination of Zearalenone and Trichothecenes, Including Deoxynivalenol and Its Acetylated Derivatives, Nivalenol, T-2 and HT-2 Toxins, in Wheat and Wheat Products by LC-MS/MS: A Collaborative Study. Toxins 2020, 12, 786. [Google Scholar] [CrossRef] [PubMed]

	



De Santis, B.; Debegnach, F.; Gregori, E.; Russo, S.; Marchegiani, F.; Moracci, G.; Brera, C. Development of a LC-MS/MS Method for the Multi-Mycotoxin Determination in Composite Cereal-Based Samples. Toxins 2017, 9, 169. [Google Scholar] [CrossRef]

	



Kappenberg, A.; Juraschek, L.M. Development of a LC-MS/MS Method for the Simultaneous Determination of the Mycotoxins Deoxynivalenol (DON) and Zearalenone (ZEA) in Soil Matrix. Toxins 2021, 13, 470. [Google Scholar] [CrossRef]

	



Deng, Y.; Wang, Y.; Deng, Q.; Sun, L.; Wang, R.; Wang, X.; Liao, J.; Gooneratne, R. Simultaneous Quantification of Aflatoxin B-1, T-2 Toxin, Ochratoxin A and Deoxynivalenol in Dried Seafood Products by LC-MS/MS. Toxins 2020, 12, 488. [Google Scholar] [CrossRef]

	



Lattanzio, V.M.T.; Della Gatta, S.; Suman, M.; Visconti, A. Development and in-house validation of a robust and sensitive solid-phase extraction liquid chromatography/tandem mass spectrometry method for the quantitative determination of aflatoxins B-1, B-2, G(1), G(2), ochratoxin A, deoxynivalenol, zearalenone, T-2 and HT-2 toxins in cereal-based foods. Rapid Commun. Mass Spectrom. 2011, 25, 1869–1880. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, K.; Wong, J.W.; Krynitsky, A.J.; Trucksess, M.W. Determining Mycotoxins in Baby Foods and Animal Feeds Using Stable Isotope Dilution and Liquid Chromatography Tandem Mass Spectrometry. J. Agric. Food Chem. 2014, 62, 8935–8943. [Google Scholar] [CrossRef] [PubMed]

	



Lee, M.J.; Kim, H.J. Development of an immunoaffinity chromatography and LC-MS/MS method for the determination of 6 zearalenones in animal feed. PLoS ONE 2018, 13, e0193584. [Google Scholar] [CrossRef] [PubMed]

	



Paoloni, A.; Solfrizzo, M.; Bibi, R.; Pecorelli, I. Development and validation of LC-MS/MS method for the determination of Ochratoxin A and its metabolite Ochratoxin α in poultry tissues and eggs. J. Environ. Sci. Health. Part. B Pestic. Food Contam. Agric. Waste 2018, 53, 327–333. [Google Scholar] [CrossRef] [PubMed]

	



Albero, B.; Fernandez-Cruz, M.L.; Perez, R.A. Simultaneous Determination of 15 Mycotoxins in Aquaculture Feed by Liquid Chromatography-Tandem Mass Spectrometry. Toxins 2022, 14, 316. [Google Scholar] [CrossRef]

	



Franco, L.T.; Petta, T.; Rottinghaus, G.E.; Bordin, K.; Gomes, G.A.; Oliveira, C.A.F. Co-occurrence of mycotoxins in maize food and maize-based feed from small-scale farms in Brazil: A pilot study. Mycotoxin Res. 2019, 35, 65–73. [Google Scholar] [CrossRef]

	



Streit, E.; Naehrer, K.; Rodrigues, I.; Schatzmayr, G. Mycotoxin occurrence in feed and feed raw materials worldwide: Long-term analysis with special focus on Europe and Asia. J. Sci. Food Agric. 2013, 93, 2892–2899. [Google Scholar] [CrossRef]

	



Arroyo-Manzanares, N.; Rodriguez-Estevez, V.; Arenas-Fernandez, P.; Garcia-Campana, A.M.; Gamiz-Gracia, L. Occurrence of Mycotoxins in Swine Feeding from Spain. Toxins 2019, 11, 342. [Google Scholar] [CrossRef]

	



Monge, M.P.; Dalcero, A.M.; Magnoli, C.E.; Chiacchiera, S.M. Natural co-occurrence of fungi and mycotoxins in poultry feeds from Entre Rios, Argentina. Food Addit Contam Part. B Surveill 2013, 6, 168–174. [Google Scholar] [CrossRef]

	



Alassane-Kpembi, I.; Schatzmayr, G.; Taranu, I.; Marin, D.; Puel, O.; Oswald, I.P. Mycotoxins co-contamination: Methodological aspects and biological relevance of combined toxicity studies. Crit. Rev. Food Sci. Nutr. 2017, 57, 3489–3507. [Google Scholar] [CrossRef]

	



Kolawole, O.; Graham, A.; Donaldson, C.; Owens, B.; Abia, W.A.; Meneely, J.; Alcorn, M.J.; Connolly, L.; Elliott, C.T. Low Doses of Mycotoxin Mixtures below EU Regulatory Limits Can Negatively Affect the Performance of Broiler Chickens: A Longitudinal Study. Toxins 2020, 12, 433. [Google Scholar] [CrossRef] [PubMed]

	



Jia, R.; Liu, W.; Zhao, L.; Cao, L.; Shen, Z. Low doses of individual and combined deoxynivalenol and zearalenone in naturally moldy diets impair intestinal functions via inducing inflammation and disrupting epithelial barrier in the intestine of piglets. Toxicol. Lett. 2020, 333, 159–169. [Google Scholar] [CrossRef] [PubMed]

	



Iammarino, M.; Palermo, C.; Tomasevic, I. Advanced Analysis Techniques of Food Contaminants and Risk Assessment-Editorial. Appl. Sci. 2022, 12, 4863. [Google Scholar] [CrossRef]

	



Kovac, M.; Bulaic, M.; Jakovljevic, J.; Nevistic, A.; Rot, T.; Kovac, T.; Sarkanj, I.D.; Sarkanj, B. Mycotoxins, Pesticide Residues, and Heavy Metals Analysis of Croatian Cereals. Microorganisms 2021, 9, 216. [Google Scholar] [CrossRef]

	



Zhang, K.; Banerjee, K. A Review: Sample Preparation and Chromatographic Technologies for Detection of Aflatoxins in Foods. Toxins 2020, 12, 539. [Google Scholar] [CrossRef] [PubMed]








[image: Toxins 14 00631 g001 550] 





Figure 1. MRM chromatograms for mycotoxin solutions (a): blank solvent; (b): six major mycotoxins standard solutions, the concentrations were 250, 25, 125, 50, 50 and 500 ng·mL−1 for DON, AFB1, ZEN, OTA, T-2 toxin and FB1, respectively; (c): corn sample, DON (929.13 µg·kg−1), AFB1 (6.79 µg·kg−1) and ZEN (71.89 µg·kg−1) were detected; (d): pig compound feed sample, DON (432.85 µg·kg−1), AFB1 (2.03 µg·kg−1) and FB1 (123.32 µg·kg−1) were detected). 
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Figure 2. Changes in peak area ratios of different mycotoxins in the standard solution and six feed matrices ((a) DON; (b) AFB1; (c) ZEN; (d) OTA; (e) T-2 toxin; (f) FB1). Lines with different colors represent the response on the different combination of the selected product ions of the mycotoxin and the isotope internal standard in different feed matrices, and the legends show specific information of product ions combination. 






Figure 2. Changes in peak area ratios of different mycotoxins in the standard solution and six feed matrices ((a) DON; (b) AFB1; (c) ZEN; (d) OTA; (e) T-2 toxin; (f) FB1). Lines with different colors represent the response on the different combination of the selected product ions of the mycotoxin and the isotope internal standard in different feed matrices, and the legends show specific information of product ions combination.



[image: Toxins 14 00631 g002]







[image: Toxins 14 00631 g003 550] 





Figure 3. Changes in peak area ratios of six major mycotoxins and their isotope internal standards in pig compound feed with time at different temperatures ((a) 4 °C, RSDs all below 9.5% within 72 h; (b) 25 °C, RSDs all below 9.7% within 72 h; (c) 37 °C, RSDs all below 9.0% within 72 h). 
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Table 1. The maximum adsorption capacity of the IAC for six major mycotoxins.
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	Mycotoxins
	Column Capacity (ng)





	DON
	995



	AFB1
	198



	ZEN
	998



	OTA
	100



	T-2 toxin
	996



	FB1
	2995
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Table 2. Recoveries of six major mycotoxins on the IAC.
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	Mycotoxins
	Recovery (%)





	DON
	97.9



	AFB1
	100.0



	ZEN
	99.5



	OTA
	99.8



	T-2 toxin
	98.9



	FB1
	95.8
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Table 3. Comparison about recovery results of mycotoxins in pig feed with or without the use of isotope internal standards (n = 3).
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Analyte

	
Spiked Level (μg·kg−1)

	
Without Isotope Internal Standards

	
With Isotope Internal Standards




	
Mean Recovery (%)

	
RSD (%)

	
Mean Recovery (%)

	
RSD (%)






	
DON

	
1000

	
74.8

	
4.5

	
96.0

	
3.9




	
AFB1

	
10

	
56.1

	
24.1

	
93.7

	
6.8




	
ZEN

	
250

	
78.1

	
16.2

	
103.7

	
0.9




	
OTA

	
100

	
109.1

	
6.3

	
92.5

	
8.5




	
T-2 toxin

	
500

	
47.0

	
11.8

	
99.7

	
2.4




	
FB1

	
5000

	
72.3

	
20.7

	
111.0

	
6.2
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Table 4. Product ion screening of mycotoxins and their isotope internal standards.
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	Mycotoxins
	Product Ions (m/z)
	Internal Standards
	Product Ions (m/z)





	DON
	203/249/260.9
	13C15-DON
	216/263



	AFB1
	241.0/269.1/285.0
	13C17-AFB1
	255/301



	ZEN
	187/202.9/283
	13C18-ZEN
	167.9/199/215



	OTA
	193.1/221/238.9
	13C20-OTA
	203/231.9/250



	T-2 toxin
	215.1/245.1/305.3
	12C24-T-2
	198/229/322



	FB1
	316.2/334.2/352.3
	13C34-FB1
	175/356/374
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Table 5. Parameters of standard curves, LOD, and LOQ for mycotoxins.
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	Analyte
	Liner Range

(µg·kg−1)
	Standard Curve
	R2
	LOD

(µg·kg−1)
	LOQ

(µg·kg−1)





	DON
	5–1000
	y = 0.0133x − 0.0903
	0.9983
	0.75
	2.5



	AFB1
	0.25–50
	y = 0.0567x − 0.0119
	0.9954
	0.075
	0.25



	ZEN
	2.5–500
	y = 0.0183x + 0.0439
	0.9996
	0.375
	1.25



	OTA
	0.5–100
	y = 0.1075x − 0.0944
	0.9983
	0.15
	0.5



	T-2 toxin
	2.5–500
	y = 0.0100x − 0.0189
	0.9990
	0.15
	0.5



	FB1
	25–5000
	y = 0.0070x + 0.0835
	0.9983
	1.5
	5
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Table 6. Recovery and precision of mycotoxins in different feed matrices (n = 3).
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Analyte

	
Spike Level (μg·kg−1)

	
Matrix

	
Mean Recovery (%)

	
SD (μg·kg−1)

	
RSD (%)






	
DON

	
500, 1000, 2000

	
Corn

	
94.9–100.8

	
6.4–49.0

	
1.3–5.2




	
Wheat

	
94.1–97.7

	
9.4–59.2

	
1.7–6.3




	
Pig feed

	
93.9–99.4

	
7.6–92.7

	
1.5–4.9




	
Chicken feed

	
96.1–103.6

	
27.3–61.6

	
3.0–5.4




	
AFB1

	
5, 10, 20

	
Corn

	
101.0–114.8

	
0.4–1.1

	
4.6–6.7




	
Wheat

	
105.3–111.3

	
0.2–0.5

	
1.2–10.1




	
Pig feed

	
93.7–105.0

	
0.1–1.7

	
2.5–8.9




	
Chicken feed

	
84.2–104.3

	
0.4–1.9

	
6.5–10.3




	
ZEN

	
125, 250, 500

	
Corn

	
103.2–109.0

	
3.6–14.5

	
2.7–3.9




	
Wheat

	
94.9–108.5

	
2.6–13.3

	
0.9–10.7




	
Pig feed

	
102.0–106.0

	
2.3–18.4

	
0.9–11.2




	
Chicken feed

	
97.6–116.5

	
10.4–13.7

	
2.4–8.4




	
OTA

	
50, 100, 200

	
Corn

	
96.3–110.3

	
1.1–7.0

	
2.1–3.6




	
Wheat

	
98.0–111.8

	
2.7–6.0

	
1.6–10.7




	
Pig feed

	
92.5–101.8

	
1.3–12.4

	
2.7–6.1




	
Chicken feed

	
100.8–113.7

	
3.2–8.6

	
3.8–5.7




	
T-2 toxin

	
250, 500, 1000

	
Corn

	
92.0–100.7

	
2.6–13.4

	
1.1–1.7




	
Wheat

	
89.4–103.9

	
1.3–22.3

	
0.3–2.3




	
Pig feed

	
89.3–99.7

	
3.3–16.5

	
1.5–2.4




	
Chicken feed

	
95.4–104.4

	
0.9–15.2

	
0.2–4.2




	
FB1

	
2500, 5000, 10,000

	
Corn

	
106.1–113.3

	
144.2–340.6

	
3.0–8.9




	
Wheat

	
95.5–106.4

	
125.0–277.0

	
1.4–11.6




	
Pig feed

	
95.7–117.1

	
247.5–485.0

	
5.1–11.4




	
Chicken feed

	
94.8–116.6

	
240.3–285.8

	
2.4–10.1
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Table 7. Analysis of mycotoxins detection results of feed samples.






Table 7. Analysis of mycotoxins detection results of feed samples.





	
Analyte

	
Feed samples

	
Corn

	
Wheat

	
Pig

Compound Feed

	
Chicken

Compound Feed

	
Fermented

Cattle Feed




	
Number of Samples

	
8

	
6

	
8

	
8

	
6






	
DON

	
Detectable samples a

	
8

	
4

	
8

	
8

	
6




	
Detection rate (%)

	
100

	
66.7

	
100

	
100

	
100




	
Content range (μg·kg−1)

	
339.50–1403.22

	
65.83–986.42

	
47.86–865.23

	
3.94–727.16

	
4.98–38.08




	
AFB1

	
Detectable samples

	
5

	
2

	
2

	
3

	
3




	
Detection rate (%)

	
62.5

	
33.3

	
25.0

	
37.5

	
50.0




	
Content range (μg·kg−1)

	
5.64–11.48

	
4.09–6.79

	
6.59–11.96

	
2.03–31.08

	
0.30–0.63




	
ZEN

	
Detectable samples

	
8

	
5

	
8

	
8

	
6




	
Detection rate (%)

	
100

	
83.3

	
100

	
100

	
100




	
Content range (μg·kg−1)

	
2.85–208.40

	
5.10–71.89

	
10.14–284.45

	
10.15–228.58

	
20.40–149.33




	
OTA

	
Detectable samples

	
6

	
3

	
2

	
2

	
3




	
Detection rate (%)

	
75.0

	
50.0

	
25.0

	
25.0

	
50.0




	
Content range (μg·kg−1)

	
4.60–15.05

	
1.63–11.66

	
6.54–8.40

	
1.97–6.54

	
1.82–2.79




	
T-2

	
Detectable samples

	
5

	
3

	
5

	
4

	
0




	
Detection rate (%)

	
62.5

	
50.0

	
62.5

	
50.0

	
0




	
Content range (μg·kg−1)

	
2.42–547.61

	
2.64–302.36

	
0.3–402.78

	
1.93–87.20

	
–




	
FB1

	
Detectable samples

	
2

	
2

	
7

	
8

	
6




	
Detection rate (%)

	
25.0

	
33.3

	
87.5

	
100

	
100




	
Content range (μg·kg−1)

	
6.02–680.93

	
21.90–709.00

	
33.55–147.11

	
15.19–2013.44

	
78.00–6220.95








a Sample with concentration > LOQ.
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Table 8. MS/MS parameters of six major mycotoxins and their isotope internal standards in MRM mode.
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Mycotoxins

	
Type

	
Precursor

Ions (m/z)

	
Product

Ions (m/z)

	
Retention

Time (min)

	
Fragmentor (V)

	
Collision Energy (eV)






	
DON

	
[M+H]+

	
297.1

	
249 *

	
3.067

	
110

	
10




	
203

	
6




	
AFB1

	
[M+H]+

	
313.1

	
241 *

	
4.884

	
130

	
38




	
285

	
24




	
ZEN

	
[M+H]+

	
319.1

	
283 *

	
5.767

	
80

	
8




	
187

	
20




	
OTA

	
[M+H]+

	
404.1

	
238.9 *

	
5.724

	
90

	
21




	
221

	
15




	
T-2 toxin

	
[M+H]+

	
484.2

	
215.1 *

	
5.606

	
80

	
15




	
305.3

	
8




	
FB1

	
[M+H]+

	
722.4

	
352.3 *

	
5.322

	
135

	
36




	
334.2

	
44




	
13C15-DON

	
[M+H]+

	
312.2

	
263 *

	
3.090

	
110

	
8




	
216

	
14




	
13C17-AFB1

	
[M+H]+

	
330.1

	
255 *

	
4.882

	
145

	
40




	
301

	
30




	
13C18-ZEN

	
[M+H]+

	
337.1

	
199 *

	
5.765

	
80

	
20




	
167.9

	
40




	
13C20-OTA

	
[M+H]+

	
424.1

	
250 *

	
5.725

	
90

	
26




	
231.9

	
40




	
12C24-T-2

	
[M+H]+

	
508.2

	
229 *

	
5.605

	
80

	
13




	
322

	
9




	
13C34-FB1

	
[M+H]+

	
756.4

	
356 *

	
5.322

	
135

	
45




	
374

	
50








* Quantitative ion.
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