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SUMMARY:
The presented work highlights the development of a novel and efficient protocol of a high-performance liquid chromatography approach coupled with an immuno-affinity enrichment step to detect and quantify multiple microbial metabolites of deoxynivalenol (DON), namely 3-epi-DON, 3-keto-DON, and deepoxy-DON (DOM-1).

ABSTRACT:
Deoxynivalenol (DON), a type B trichothecene mycotoxin, has well-documented short- and long-term adverse effects on human health and animal productivity alike. While effective biological methods of mitigation are being optimized, the need of reliable analytical approaches to analyze and determine the final microbial metabolites is fundamental. In the current study, an immuno-affinity enrichment step coupled with a high-performance liquid chromatography (HPLC) analysis was developed to analyze and detect three bacterial metabolites of DON; namely 3-epi-DON, 3-keto-DON, and deepoxy-DON (DOM-1). The finalized approach provides a rapid, accurate, and easy-to-operate protocol for the analytical determination of the aforementioned metabolites (in addition to DON) in milled corn samples. Taking advantage of the noted cross-reactivity of recently investigated DON monoclonal antibody, the reported immuno-affinity extraction procedure facilitates the detection of such isomers/metabolites simultaneously and robustly. 

INTRODUCTION:
Deoxynivalenol (DON) is a type B trichothecene mycotoxin (3α,7α,15-trihydroxy-12,13-epoxytrichothec-9-en-8-one) produced by multiple filamentous fungi that belong mainly to the Fusarium genera (F. graminearum and F. culmorum)1,2. This mycotoxin causes great annual economic losses to the global marketing of grains and to the associated livestock production chain3-5. Due to the adverse effects of DON on humans and livestock, most countries in addition to world/regional organizations have established maximum tolerated levels of this toxic compound6,7. Studies on the most effective strategies of detoxifying DON are peaking8-10 with increased interests in exploring microbial strains that can catabolize DON to less-toxic derivatives/epimers such as 3-epi-DON [(3β,7α)-12,13-epoxy-3,7,15-trihydroxytrichothec-9-en-8-one], 3-keto-DON [(7α)-12,13-Epoxy-7,15-dihydroxytrichothec-9-ene-3,8-dione], and deepoxy-DON [DOM-1, (3α,7α)-3,7,15-trihydroxytrichotheca-9,12-dien-8-one)]8,9,11-14 (Figure 1). This in turn has increased the demand for effective and robust analytical protocols for the determination of such metabolites despite the fact that such metabolites come with altered chemical, structural, and toxicological properties that substantially differ from the parental compound15-18, thereby forming a core technical challenge from the analytical prospective12,19-23.

In this study, a high-performance liquid chromatography (HPLC) protocol with an immuno-affinity purification step was developed to identify and quantify 3-epi-DON, 3-keto-DON, and DOM-1 in addition to DON within corn kernels. The approach improves the detection sensitivity by reducing background interface from any grain matrix and provides a reliable analytical method to measure DON and its main microbial metabolites simultaneously.

PROTOCOL:

CAUTION: Please consult all relevant material safety data sheets (MSDS) before implementing this protocol. Mycotoxins [DON and its metabolites including 3-epi-DON, 3-keto-DON, and DOM-1] used in this study are toxic compounds despite the fact that some of such metabolites were proved to be less toxic than others. Please use all appropriate safety practices when performing the following analysis. 

1. Preparation of standards 

NOTE: DON, DOM-1, and 3-keto-DON were purchased from chemical suppliers (Table of Materials). 3-epi-DON was purified and chemically characterized as previously described24. 

1.1. Prepare stock solutions of DON and 3-epi-DON in pure water and stocks of 3-keto-DON and DOM-1 in absolute acetonitrile (ACN).
 
1.1.1. Accurately weigh the total mass of each toxin powder (except DOM-1 as it comes in a liquid form) within the original commercially provided vial.

1.1.2. Thoroughly dissolve the powder(s) with 5 mL of ACN in the original vial. Transfer the solution to a new clean vial and dry the original vial using a nitrogen evaporator. Weigh the original vial again when all the residual ACN is evaporated.

1.1.3. Calculate the mass of powder by subtracting the mass of original vial (step 1.1.2) from the total mass (step 1.1.1).

1.1.4. Evaporate ACN using a nitrogen evaporator, and re-dissolve the solute with a known amount of stock solvent based on the obtained mass calculations (step 1.1.3).

NOTE: The concentration of DON, 3-epi-DON, and 3-keto-DON stock solutions were 10000 µg/mL, 2000 μg/mL, and 1000 μg/mL, respectively, in this study. 

1.1.5. For DOM-1, use the commercial product directly as it is provided in a liquid format with a claimed/certified concentration (50 μg/mL).

1.2. Store all stock solutions (1 mL per vial) in -20 °C until use.

2. Sample extraction and immuno-affinity purification

2.1. Sample extraction

2.1.1. Collect corn kernels from local farms. Store the obtained samples in a 4 °C refrigerator until use/analysis.

2.1.2. Grind the corn kernels (approximately 200 g each) for 1 min using a laboratory-grade blender. Weigh 50 g of each ground sample separately and mix samples with 200 mL of sterile deionized water in the blender for 2 min at least.

2.1.3. Pass the resulting slurry through a coarse filter paper (Table of Materials) and spike DON, 3-epi-DON, 3-keto-DON, or DOM-1 for standard(s) preparations.

NOTE: Final concentrations should contain between 0.05 and 1.0 μg/mL of each tested analyte(s).

2.1.4. Leave samples for 1 h at room temperature before proceeding to the immune-affinity purification step.

2.2. Immuno-affinity purification

2.2.1. Filter the corn powder slurry (step 2.1.4) through a microfiber filter (Table of Materials).

2.2.2. Load 1 mL of the collected clear corn powder filtrate directly onto the immune-affinity purification column (Table of Materials) while applying mild manual pressure throughout the column to achieve flow rates at 1−2 drops/second. Wash columns with 5 mL of pure water and elute immediately with 1 mL of HPLC-grade methanol.

2.2.3. Dry elute analytes under nitrogen-streams or possibly using a vacuum concentrator (Table of Materials). Re-suspend analytes in 0.5 mL of ACN:water (1:9 by volume for DON and 3-epi-DON or 2:8 by volume for 3-keto-DON and DOM-1, respectively) after drying.

2.2.4. Pass the re-suspended samples through 0.45 μm filters (Table of Materials) before continuing to the HPLC analysis.

3. High performance liquid chromatography analysis

3.1. Analyze both samples and mycotoxin standards using any available HPLC system. 

NOTE: In the provided protocol the results were obtained using an HPLC system (Table of Materials) equipped with a quaternary pump, an inline degasser, a diode array detector (DAD) with a wavelength set at 218 nm, and a reversed-phase column with a C18-guard column (Table of Materials) to achieve optimal separation described here.

3.2. Elute compounds of interest using a binary mobile phase composed of ACN:water (1:9 by volume for DON and 3-epi-DON, 2:8 by volume for 3-keto-DON and DOM-1, respectively). 

3.3. Set the flow rate at 1.0 mL/min and the sample injection volume at 50 μL.

4. Validation of the protocol

4.1. Instrument linearity

4.1.1. Prepare DON, 3-epi-DON, and DOM-1 standard solutions ranging from 0.1 to 5.0 μg/mL. Prepare 3-keto-DON standard solutions that range from 0.2 to 5.0 μg/mL. Directly inject standard solutions into HPLC without any further extraction/dilutions.

4.1.2. Determine instrument linearity by inspecting the correlation between HPLC signals (peak areas) and the known concentrations of analytes.

4.2. Method linearity

4.2.1. Prepare corn extracts spiked with 3-keto-DON with concentrations of 0.05, 0.1, 0.2, 0.5 and 1.0 μg/mL. Prepare corn extracts spiked with DON, 3-epi-DON, and DOM-1 with concentrations of 0.1, 0.2, 0.5, 0.75 and 1.0 μg/mL. Extract and purify the spiked corn powders according to the steps described in section 2.2.

4.2.2. Determine method linearity by inspecting the correlation between HPLC signals (peak areas) and spiked concentrations of the analyte standards.

4.3. Method precision

4.3.1. Perform the intra-day analysis by spiking corn extracts with DON (and its three metabolites) in concentrations of 0.1 and 1.0 μg/mL (n = 5).

4.3.2. Perform the inter-day analysis by spiking corn extracts with DON (and its three metabolites) in concentrations of 0.1 and 1.0 μg/mL (n = 3).

4.3.3. Investigate the relative standard deviations (RSD) of intra-day and inter-day analyses.

4.4. Recovery

4.4.1. Calculate each analyte recovery rates of the tested corn extracts: the ratio of measured concentrations within corn extracts, prepared and extracted according to the reported procedure, to the actual spiked concentrations in these samples.

NOTE: Spiking levels of 0.1 and 1.0 μg/mL of DON, 3-epi-DON, 3-keto-DON, and DOM-1 (n = 5) are suggested for recovery rates determination. 

4.5. Analytical limits

4.5.1. Determine the analytical limits through inspecting the signal-to-noise ratios (S/N). 

NOTE: The limits of detection (LOD) are usually estimated at S/N = 3 and the limits of quantification (LOQ) are usually estimated at S/N = 10.

REPRESENTATIVE RESULTS:
Under the currently reported HPLC conditions, DON and its metabolites were completely separated and quantified. The retention times were 13.7 min and 9.4 min for DON and 3-epi-DON, respectively, using a mobile phase of 10% ACN in water. When applying 20% ACN in water, 3-keto-DON and DOM-1 appeared at 13.3 min and 6.3 min, respectively. The ultraviolet (UV) spectra of DON, 3-epi-DON, and DOM-1 are similar with maximum absorbance at 218 nm. 3-keto-DON displayed a distinct optical property with the maximum absorbance at 225 nm (Figure 1).

The correlations between method linearity and instrument linearity with the HPLC peak(s) areas and the standard/spiked concentration(s) of DON, 3-epi-DON, 3-keto-DON, and DOM-1 were excellent. For all analytes, the correlation coefficients (R2) of method and instrument linearity were greater than 0.999 (Table 1). 

The developed method showed high sensitivities towards DON, 3-epi-DON, and DOM-1. The LODs of these compounds were determined to be as low as 15.0, 7.5 and 5.0 ng/mL, respectively. Furthermore, the LOQs of these metabolites were determined to be 49.5, 24.8 and 16.5 ng/mL, respectively. In contrast, 3-keto-DON displayed a higher LOD and LOQ, which were estimated at 25.0 ng/mL and 82.5 ng/mL, respectively.
 
The RSD of all compounds at the levels of 0.1 µg/mL and 1.0 µg/mL ranged from 1.2% to 6.8% (Table 1), which attested to the precisions of the developed approach.

Recoveries of 3-epi-DON, 3-keto-DON, and DON in corn extracts at the tested concentrations (0.1 µg/mL and 1.0 µg/mL) ranged from 74.1% to 94.0% (Table 1). However, DOM-1 showed a significantly lower recovery (60.8% of 1.0 µg/mL spiked DOM-1) after the immuno-affinity column purification.

FIGURE AND TABLE LEGENDS:

Figure 1: HPLC chromatograms of (A) DON, (B) 3-epi-DON, (C) 3-keto-DON and (D) DOM-1. All analytes (1.0 μg/mL) were spiked individually in corn extract and purified through the immune-affinity column with two folds concentration. 

Table 1: The linearity, analytical limits (LOD and LOQ), precisions, and recovery rates of DON (and metabolites) using the developed method.

DISCUSSION:
Although the provided protocol focuses on robustness and ease-of-use, understanding the immuno-affinity column purification step is critical and should be carefully evaluated. In this protocol, the utilized affinity column contained a conjugated monoclonal antibody originally designed to specifically adsorb and enrich DON. The fact that DON and its three bacterial metabolites (DOM-1, 3-keto-DON, and 3-epi-DON) were able to bind to the purification column in our study (Figure 1) highlights the potential of this antibody/column to be implemented in applications intended for the detection of DON and its microbial metabolites when studying DON natural detoxifications. A recently established molecular modeling of DON (and its metabolites)25 helped presumptively narrow down the shared epitope of these chemicals. The core sesquiterpene region is possibly the one responsible for the ability of this antibody to recognize and specifically bind DON and its three microbial metabolites25, which in turn can empirically contribute to the simultaneous purification and determination of such analytes.

In practice, at least three consecutive preparation steps during the above column purification should be maintained to ensure the highest quality of analysis and best outcomes. First, the sample should be extracted and prepared in aqueous solution (water preferably) before the immuno-affinity column loading given the interference that organic solvents can introduce to antibody-antigen interactions. Samples extracted with organic solvents (e.g., methanol, acetonitrile, etc.) should be dried first and resolved in water. Second, the column maximum binding capacity of DON and its metabolites should be determined prior to any routine and regular utilization. A dilution step could be incorporated if the estimated concentration(s) approach or exceed the maximum theoretical binding capacity of the column. Finally, the flow rate of this immuno-affinity column should be kept constant as much as possible. If it is feasible, a vacuum manifold system (commercially available) may be used to harmonize passage times among samples.

The observed outstanding instrument/method linearity, high sensitivity, and precise determination of DON and its metabolites are among the many strengths of the developed approach, despite its noticeable slightly lower sensitivity towards 3-keto-DON due to the lower UV absorption coefficient of this compound as previously reported25. Significantly lower recoveries of DOM-1 were also noticed after the immuno-affinity column purification. These are possibly related to the extreme conformational changes in the three-dimensional (3D) structure of DON resulting from the epoxy ring opening. These structural changes could influence interactions of DOM-1 with the investigated antibody, although such an affinity does not completely abrogate25. The two other metabolites (3-keto-DON and 3-epi-DON) that share a closer conformation to DON did not show any detectable decreases in recovery rates.

In summary, the developed protocol above provides an accurate, reliable, and reproducible method to quantitatively determine concentrations of 3-epi-DON, 3-keto-DON, and DOM-1 (in addition to DON) with minimum background interference emerging from the analyzed corn samples. The simultaneous analysis of these metabolites without the need for sophisticated instrumentation (such as liquid chromatography tandem mass spectrometry platforms) is another clear advantage of this protocol. These features will facilitate and boost future research efforts aiming to track and determine microbial biotransformation(s) and detoxification of DON through biological strategies. Further optimization and enhancement efforts of the above protocol can be extended to include other common DON derivatives (e.g., deoxynivalenol 3-glucoside) that might share the same 3D configuration/epitopes with DON to address many issues in the analysis and characterization of detoxification products and/or masked mycotoxins. 
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