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Abstract

:

Aflatoxin B1 (AFB1) is a common mycotoxin present in agricultural and food products. Therefore, rapid screening methods must be developed for AFB1 detection with high sensitivity and good selectivity. In this study, we developed an analytical method based on the combination of solid-phase microextraction (SPME) with carbon fiber ionization (CFI)-mass spectrometry (MS) to detect the presence of trace AFB1 from complex samples. A pencil lead (type 2B, length: ~2.5 cm) with a sharp end (diameter: ~150 μm) was used as the SPME fiber and the ionization emitter in CFI-MS analysis. Owing to the graphite structure of the pencil lead, AFB1 can be trapped on the pencil lead through π–π interactions. After adsorbing AFB1, the pencil lead was directly introduced in a pipette tip (length: ~0.7 cm; tip inner diameter: ~0.6 mm), placed close (~1 mm) to the inlet of the mass spectrometer, and applied with a high voltage (−4.5 kV) for in situ AFB1 elution and CFI-MS analysis. A direct electric contact on the SPME-CFI setup was not required. Followed by the introduction of an elution solvent (10 μL) (acetonitrile/ethanol/deionized water, 2:2:1 (v/v/v)) to the pipette tip, electrospray ionization was generated from the elution solvent containing AFB1 for CFI-MS analysis. A reactive SPME-CFI-MS strategy was employed to further identify AFB1 and improve elution capacity using our approach. Butylamine was added to the elution solvent, which was then introduced to the pipette tip inserted with the SPME fiber. Butylamine-derivatized AFB1 was readily generated and appeared in the resultant SPME-CFI mass spectrum. The lowest detectable concentration against AFB1 using our approach was ~1.25 nM. Our method can distinguish AFB1 from AFG1 in a mixture and can be used for the detection of trace AFB1 in complex peanut extract samples.
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1. Introduction


Aflatoxin B1 (AFB1) is a well-known carcinogen that is generated from fungi, such as Aspergillus flavus and Aspergillus parasiticus [1,2], and is the most toxic aflatoxin in the aflatoxin family [1,2]. AFB1 is produced by fungi that commonly contaminate agricultural crops and products [3,4,5]. Completely eliminating the presence of AFB1 in agricultural crops and products is impossible. Thus, many countries have regulated the maximum allowed AFB1 level in agricultural products [3,4,5], for example, 2–5 μg kg−1 in agricultural products such as cereals, and their derived products according to the European Union [5]. Different analytical methods have been developed for aflatoxin detection [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36]. Supporting Information (SI) Table S1 lists the comparisons of these existing methods. For example, the enzyme-linked immunosorbent assay (ELISA) has been used to detect AFB1 using antibodies as probes to recognize AFB1 [6]. Although this method is sensitive and selective toward AFB1, cross-reactions with other aflatoxin members, such as aflatoxin G1 (AFG1) [6], have been reported due to the similarity of chemical structures among aflatoxins. High-performance liquid chromatography equipped with an optical spectroscopic detector has been used to detect aflatoxins in complex samples [7]. Moreover, highly sensitive and selective mass spectrometry (MS) [10,11,12,13,14,15,16] is an effective detection tool for AFB1.



Owing to interference from complex matrices in real samples, sample pretreatment is usually required prior to sensitive analytical tools [22]. Liquid–liquid extraction [10,11,13,18,19], solid-phase extraction [12,13,14,15,20,21], liquid-phase microextraction [22] and solid-phase microextraction (SPME) [37,38,39,40,41] are commonly used in sample pretreatment for AFB1 analysis. SPME is solvent-free and has a high extraction efficiency, and thus, has gained considerable attention [37,38,39,40,41]. In this method, a small fiber functionalized with specific functional groups is used as a probe for the sampling, isolation, and concentration of trace target analytes from complex samples [37,38,39,40,41]. MS has been coupled with SPME because of its high sensitivity, selectivity, and speed [38,39,40]. The analytes trapped by the SPME fiber are desorbed by heating [42,43,44,45,46,47] or solvent elution [48,49,50,51] prior to detection by analysis tools such as MS. SPME coupled with gas chromatography (GC)-MS has been widely applied in the analysis of volatile organic compounds (VOCs) because VOCs trapped on the SPME fiber can be readily desorbed in the heating chamber at the injection port of GC-MS [43,44,45,46,47]. In addition, electrospray ionization (ESI) is commonly used as the interface to couple SPME with MS when polar molecules are the target analytes [48,49,50,51]. The main challenge in coupling SPME with ESI-MS online is to effectively elute analytes from SPME fibers using suitable solvents in situ for instantaneous MS detection. The elution means and compositions of the elution solvents play key roles in the coupling of SPME and ESI-MS.



Graphene [52], graphene oxide [16,53], and magnetic graphene oxide [16] have good adsorption capacity with AFB1 because their graphite structures can strongly interact with the aromatic rings on AFB1 [16]. Pencil leads are mainly composed of graphite and a clay binder [54]. Pencil leads have several classifications depending on their blackness (B) and hardness (H), including H, B, HB, and 2B [54]. Carbon fiber ionization (CFI)-MS has been developed based on the use of pencil leads with sharp ends [55] or carbon fibers [55,56,57,58,59,60] as ionization emitters for the analysis of polar and nonpolar analytes. Contactless CFI setup is particularly simple because no direct electric contact is required during CFI-MS analysis [55,57,58,59,60]. Owing to its graphite structure, a sharp pencil lead was used as the SPME fiber for trapping AFB1 in this study. The resultant SPME fiber was directly used as the ionization emitter for CFI-MS analysis. Suitable solvents for the in situ elution of AFB1 from SPME fibers and the facilitating ionization of eluted AFB1 in CFI-MS analysis have also been investigated. Reactive SPME [61] and SPME combined with reactive desorption electrospray ionization MS [62] were used to improve the identification power against target analytes. In this study, an amine, e.g., butylamine, which can react with AFB1 through Schiff base reactions, was added to the elution solvent. In situ reactions that occurred between the AFB1 on the SPME fiber and the added amines (Figure 1) simultaneously occurred during AFB1 elution and CFI-MS analysis. The resulting AFB1 derivatives improved ionization efficiency due to the added amine group and could be used to confirm the presence of AFB1. Accordingly, the feasibility of our developed method for the detection of AFB1 from complex samples was verified in this work.




2. Experimental Section


The details of reagents, materials, and instrumentations are provided in the SI.



2.1. Treatment of Pencil Leads


Pencil leads (length: ~2.5 cm; diameter: 0.3 mm) were sharpened with a box cutter to have diameters of ~150 μm. The surface polymer coating of the pencil leads was removed by using a piece of sandpaper. The resulting pencil leads were soaked in aqueous nitric acid (70%) for 2 h, which was followed by sonication with deionized water, acetone/deionized water (1:1, v/v), and deionized water in a sequence for 20 min to remove residues. The resulting pencil leads were dried in an oven at 60 °C for 2 h prior to use.




2.2. Examination of the Maximum Binding Capacity of Model Analytes on Pencil Leads


To examine the binding capacity of AFB1 (or AFG1) on the as-prepared pencil leads, we placed four pencil leads (length: 1 cm) obtained above in the sample (0.4 mL) containing AFB1 (10−5 M) (or AFG1 (10−5 M)) prepared in Tris buffer (pH 8). The binding capacity of AFB1 (or AFG1) to the pencil lead was estimated according to an absorption band at the wavelength of 365 nm (or 363 nm for AFG1) derived from the samples obtained before and after incubation with the pencil leads by ultraviolet–visible absorption spectroscopy. The maximum binding capacity of the pencil leads to AFB1 (or AFG1) was determined based on the optimal incubation time.




2.3. SPME-CFI-MS Setup


Figure 2 shows the cartoon illustration of our ionization setup. A sharp pencil lead (length: ~2.5 cm; diameter of the sharp tip: ~150 μm) was inserted into a pipette tip (inner diameter: ~0.6 mm in the smaller opening, length: ~0.7 cm), which was placed close to the inlet of the mass spectrometer with an angle of 20°. The mass spectrometer was first turned on prior to placing the pipette inserted with the sharp pencil lead close to the inlet of the mass spectrometer. The pipette tip inserted with a sharp pencil lead was placed in front of the inlet of the mass spectrometer with a distance of ~1 mm. Subsequently, the sample solution (or elution solvent) (10 µL) was injected from the large opening of the pipette tip using a pipette. Mass spectra were immediately recorded by the mass spectrometer upon introduction of the sample solution or elution solvents. When optimizing the distance between our ionization setup and the inlet of the mass spectrometer, AFB1 (10−6 M) was used as the model samples. The sample was serially diluted from an AFB1 stock solution (1 mM) prepared in methanol by ethanol/deionized water (4:1, v/v) with a dilution factor of 10.



In addition, we also examined the angle effects between our ionization emitter and the inlet of the mass spectrometer. AFB1 (10−6 M) prepared in ethanol/deionized water (4:1, v/v) was used as a model sample. The mass spectrometer was first switched on prior to placing our ionization emitter. Our ionization setup was placed close to the inlet of the mass spectrometer with a distance of ~1 mm. The angle between the ionization setup with the inlet of the mass spectrometer was varied from 0 to 90°.




2.4. Analysis of Small and Large Biomolecules


To demonstrate the suitability of using our setup for the analysis of analytes with a wide mass range, ametryn (10−7 M) prepared in ethanol/deionized water (1:1, v/v), DK-10 with the sequence of DVFLGRGGGK (10−6 M) prepared in acetonitrile/deionized water (4:1, v/v) and myoglobin (10−6 M) prepared in acetonitrile/deionized water (4:1, v/v) containing 0.1% acetic acid were used as model samples. We placed the pipette tip inserted with a sharp pencil lead close to the inlet of the mass spectrometer with a distance of ~1 mm at an angle of ~20° to the inlet of the mass spectrometer (Figure 2). The mass spectrometer was switched on prior to the introduction of the sample solution. The sample solution (10 µL) was injected from the large opening of the pipette tip. Mass spectra were acquired immediately after the introduction of the sample solution.




2.5. Enrichment of AFB1 on the Pencil Lead for Online Elution and CFI-MS Analysis


The sharp end (2–3 mm) of a pencil lead was immersed in the sample solution containing AFB1 for a given time, stirring with a speed of 400 rpm. After enrichment, the pencil lead was rinsed with Tris buffer (10 mM, pH 8, 0.1 mL × 2), followed by inserting it into a pipette tip that was placed close (~1 mm) to the inlet of the mass spectrometer, which had been switched on. The solvents of ethanol/acetonitrile/deionized water (2:2:1, v/v/v) without and with butylamine were used as online elution solvents. The elution solvent (10 μL) was introduced to the large opening of the pipette (Figure 2), where the elution solvent immediately flowed to the outlet, mainly due to the capillary action. Mass spectra were acquired after the introduction of the elution solvent.




2.6. Examination of Selectivity


To examine the selectivity of our method towards AFB1, a mixture containing AFB1 (100 nM) and AFG1 (300 nM) prepared in Tris (pH 8) was used as a model sample. The sharp end (2 to 3 mm) of the pencil lead was immersed in the prepared mixture (7.5 mL), stirring at a speed of 400 rpm for 2 h. Subsequently, the pencil lead was rinsed with Tris buffer (10 mM, pH 8, 0.1 mL × 2). The resulting pencil lead was inserted into a pipette tip placed close (~1 mm) to the inlet of the mass spectrometer that had been switched on. Mass spectra were immediately recorded by the mass spectrometer after the elution solvent (10 µL) containing ethanol/acetonitrile/deionized water (2:2:1, v/v) spiked with butylamine (10−6 M) was introduced from the large opening of the pipette tip (Figure 2).




2.7. Detection of AFB1 from Peanut Extracts


The intact peanuts with shells (~2 g) prepared in Tris buffer (pH 8, 10 mL) were stirred at a speed of 400 rpm for 5 min. The supernatant of the sample was obtained after centrifugation at 17,000 rpm for 5 min. The resulting supernatant was 3-fold diluted by using Tris buffer (pH 8). The resulting supernatants (7.5 mL) spiked and not spiked with AFB1 (20 nM) were enriched with our SPME fiber. The enrichment steps, the composition of the elution solvent, and the operation of the MS analysis were the same as those stated above.





3. Results and Discussion


3.1. Examination of the Binding Capacity of AFB1 on the SPME Fiber


The binding capacities of pencil leads of different types (HB, 1B, and 2B) against AFB1 were examined to determine whether pencil leads can be used as adsorbents for AFB1. The pencil leads were treated with sandpaper and acid prior to extraction to reveal their graphite structures. Figure 3A–C show the binding capacity of HB, 1B, and 2B pencil leads (length: 1 cm), respectively, to AFB1 after being treated with sanding and subsequent soaking in acid, sanding only, soaking in acid only, or without pretreatment. The maximum binding capacity to AFB1 was recorded for the 2B pencil lead treated by sanding and subsequent soaking in an acid solution (Figure 3C). These results indicated that sanding and a subsequent acid treatment are required to effectively remove the surface coating and reveal the graphite structures on the surface of the pencil lead. The 2B pencil leads contain the highest amount of graphite structures among these three types of pencil leads and, therefore, have the highest binding capacity to AFB1. Thus, 2B pencil lead was selected as the SPME fibers for the enrichment of AFB1 from sample solutions in the following analyses.



Raman spectroscopy was employed to characterize the surface of the pencil lead and further confirm the presence of the graphite structure on the treated 2B pencil lead. SI Figure S1A–D show the Raman spectra of 2B pencil leads treated by sanding and soaking in acid, sanding alone, soaking in acid, and no treatment, respectively. Two main peaks at the wavenumbers appeared at ~1347 and ~1576 cm−1, corresponding to the D and G bands, respectively [63]. The G band indicated the presence of graphite structures on the 2B pencil lead, whereas the D band stood for the discorded graphite structure. The intensity of the G band was much higher than that of the D band, indicating that the pencil lead contained abundant graphite structures. Moreover, the pencil lead treated by sanding and soaking in an acid solution had the highest G band among the four Raman spectra shown in Figure S1, indicating the treatments could reveal abundant graphite structures. Thus, the pencil leads treated by sanding and soaking in acid were used as the SPME adsorbents in the following studies.




3.2. Examination of the Optimal Extraction and Recovery Parameters


The optimal binding pH conditions were further examined. SI Figure S2 shows the binding capacity of the SPME fiber (1 cm), i.e., a 2B pencil lead, to AFB1. The results indicated similar binding capacities at different pH conditions. This finding was expected because the binding of AFB1 on the SPME fiber was due to π–π interactions between the aromatic ring in the AFB1 structure and the graphite structures on the pencil lead. Thus, pH conditions should not affect such π–π interactions. However, the binding capacity was slightly improved at a pH above 7. Accordingly, pH 8 was selected as the binding condition in the following analyses.



The equilibrium time for binding of AFB1 to the SPME fiber and the optimal composition of the elution solution was further examined. SI Figure S3A shows the amount of AFB1 trapped by the SPME fiber with different incubation times. The amount of AFB1 on the SPME fiber reached the plateau after 120 min of incubation. Given the short online elution of AFB1 from the SPME fiber for MS analysis, the recovery efficiency after vortex-mixing the SPME fiber adsorbed with AFB1 in different elution solvents for 1 min was investigated. The elution solvents included acetonitrile/deionized water (4:1, v/v), ethanol/deionized water (4:1, v/v), acetonitrile/ethanol/deionized water (3:1:1, v/v/v), and acetonitrile/ethanol/deionized water (2:2:1, v/v/v). SI Figure S3B shows the recovery of AFB1 from AFB1-adsorbed SPME fibers using the solvents as the elution solvents (blue bars). The recovery reached more than 50% when the above elution solvents were employed. These results indicated that AFB1 can be effectively released with suitable solvents in 1 min. The solvent of acetonitrile/ethanol/deionized water (2:2:1, v/v/v) was finally selected as the elution solvent because the addition of ethanol to the elution solvent increased the ion signal of AFB1 during CFI-MS analysis. The yellow bars representing the addition of butylamine in the elution solvents are discussed later.




3.3. Analysis of Model Analytes Using Our Ionization Setup


After the feasibility of using 2B pencil lead as SPME fibers for the enrichment of AFB1 from sample solutions was verified, the interface used to couple the SPME fiber and the mass spectrometer was established. Figure 4A shows the photograph of our setup. A pencil lead (length: ~2.5 cm) with a sharp end was inserted into a pipette tip, which was originally used to load a maximum volume of 10 μL (Figure 4B,C). The two ends of the tip were cut (Figure 4B,C) to fit the fiber and load it with the elution solvent. The squared part was used as the tip for fiber insertion (Figure 4C). The solvent or sample solution could be readily introduced to the inlet of the tip from the large opening of the tip during CFI-MS analysis. Furthermore, the angle of ~20° between the ionization tip and the inlet of the mass spectrometer was used to allow the sample solution to easily elute from the tip outlet. If the angle is too large, then the flow rate of the sample solution will become high due to the influence of gravity. An extremely high flow rate is not favorable to ionization. Standard analytes with a wide mass range were used as model samples to examine whether the analytes could be readily ionized using the current setup. SI Figure S4A–C show the mass spectra of ametryn, DK-10, and myoglobin. The protonated ametryn ion at m/z 228 dominated the mass spectrum in SI Figure S4A, and multiply charged ions derived from DK-10 and myoglobin dominated the mass spectra in SI Figure S4B,C. These results showed that our setup is a suitable ionization source and could be readily used to analyze these model samples with a wide mass range. ESI-like mass spectra were obtained. It should be noted that no direct electric contact was made in the SPME-CFI ionization setup. Ionization occurred, mainly resulting from the polarization-induced electrospray [55]. Eliminating the requirement of direct contact on the setup allowed one to easily operate this coupled tool.




3.4. Analysis of AFB1 by SPME-CFI-MS


After our setup was verified as an ionization source, further examination was conducted to determine whether our SPME-CFI-MS could be used to detect trace AFB1 from the sample solution trapped by our SPME fiber and subsequent online elution for CFI-MS analysis. Figure 5A shows the direct CFI mass spectrum of the sample containing AFB1 (50 nM) obtained using our setup. A weak peak at m/z 313 corresponding to protonated AFB1 appeared in the mass spectrum. The peak at m/z 338 was attributed to the solvent background. After enrichment with the pencil lead and subsequent online elution for CFI-MS analysis, the peaks at m/z 313 and 335 were derived from protonated and sodiated AFB1, respectively, and improved intensity was observed in the same mass spectrum (Figure 5B). These results showed that our setup can be easily used to couple SPME and CFI-MS online using a sharp pencil lead inserted into a small pipette tip as the interface to effectively improve the intensity of the ions derived from AFB1. Butylamine was added to the elution solvent for online reactive SPME-CFI-MS analysis against AFB1 to further increase the peak intensity derived from AFB1 and confirm its identity. AFB1 was recovered from the SPME fiber using the elution solvent added with butylamine. SI Figure S3B shows the bar graphs (yellow bars) representing the recovery of AFB1 from the SPME fibers with elution by different elution solvents containing butylamine. The results indicated that the addition of butylamine in the elution solvents improved the recovery of AFB1 from the SPME fiber adsorbed with AFB1, except when using the solvent composed of ethanol/deionized water (4:1, v/v). Therefore, the solvent of acetonitrile/ethanol/deionized water (2:2:1, v/v/v) added to butylamine (10−7 M) was used as the online elution solvent for SPME-CFI-MS analysis. The sample was the same as that used in Figure 5B. Figure 5C shows the resultant mass spectrum. Peaks appeared at m/z 313, 335, and 351, which were attributed to protonated AFB1 and sodium and potassium adducts of AFB1, respectively. In addition, a new peak appeared at m/z 386 that corresponded to the protonated derivative of AFB1 (structure I in Figure 1). The appearance of the AFB1 derivative at m/z 386 can be used to further confirm the presence of AFB1 in the sample. Moreover, the signal-to-noise ratios of the peaks derived from AFB1 were improved when using the elution solvent containing additional butylamine. These findings were in agreement with the recovery results (yellow bars in Figure S3B) and verified the possibility of in situ derivatization of AFB1 by butylamine during SPME-CFI-MS analysis. Moreover, improved results were obtained. The reaction between butylamine and the aldehyde group on the AFB1 structure presumably weakened the binding between AFB1 and the SPME fiber. Therefore, the presence of butylamine in the elution solvent not only derivatized AFB1 through the Schiff base reaction in situ, but also improved the elution efficiency of AFB1 from the SPME fiber. The lowest detectable concentration using the current approach was further examined. Figure 5D shows the mass spectra obtained using our SPME fiber to enrich the trace AFB1 from the sample containing AFB1 (~1.25 nM). The peak at m/z 368 corresponding to the protonated derivative (structure II in Figure 1) was observed in the mass spectrum, but the ions derived from the protonated and sodium/potassium adducts of AFB1 were not observed. Nevertheless, the peak was possibly derived from the fragment of derivative I at m/z 386 by losing water, considering that water was not eliminated during reaction and ionization. The signal-to-noise level at the ion at m/z 368 was ~13. These results showed that the lowest detectable concentration of our approach against AFB1 was lower than the allowed level (2 μg kg−1 (=~6 nM))) regulated by most countries [5].




3.5. Examination of Selectivity


The mixture (7.5 mL) of AFB1 (100 nM) and AFG1 (300 nM) was used as the model sample to examine the selectivity of our method. The experimental steps and parameters were the same as those in Figure 5C,D. Figure 6A,B show the SPME-CFI-MS mass spectra obtained before and after enrichment, respectively. Before enrichment, the peak at m/z 335 corresponded to the sodium adduct of AFB1, and the peak at m/z 360 was attributed to the solvent background. In addition, the peak at m/z 351, possibly from the potassium adduct of AFB1 and the sodium adduct of AFG1, was observed in the mass spectrum. Whether the peak at m/z 351 was derived from AFB1 or AFG1 was impossible to confirm because the potassium adduct of AFB1 and the sodium adduct of AFG1 have indistinguishable nominal masses. After enrichment using our approach, the peak at m/z 313 corresponding to the protonated AFB1 was observed, and the intensity of the peak at m/z 335 was greatly improved. Moreover, the peak at m/z 351 with a decreased intensity was observed in the same mass spectrum, whereas the peak at m/z 386 derived from the protonated butylamine derivative of AFB1 (structure I in Figure 1) was observed in the same mass spectrum. The results showed that AFB1 from the mixture was selectively enriched. This finding was expected because our SPME fiber had a lower binding affinity to AFG1 than to AFB1. The binding capacities of AFB1 and AFG1 were ~720 and 138 pmol/pencil, respectively, according to our experimental results. Presumably, AFG1 has a higher polarity than AFB1 because of one additional oxygen atom in the structure of AFG1 (inset structures in Figure 6A), leading to a poorer binding affinity to the 2B pencil lead. Similar results were obtained when using graphene oxide as adsorbents against AFB1 and AFG1 [16]. Moreover, AFB1 could be easily identified after enrichment using our approach based on the appearance of the derivative peak at m/z 386. These results confirmed that the addition of butylamine to the elution solvent did not only improve enrichment efficiency, but also helped in identification of the presence of AFB1. Our approach can be used to distinguish AFB1 from AFG1.




3.6. Analysis of Simulated Real Samples


Peanuts obtained from a local store were also used as model samples to determine whether our approach can be used to detect the presence of trace AFB1 from real-world samples. The experimental details are provided in the Section 2. Figure 7A shows the direct CFI-MS mass spectrum of the sample containing peanut extract spiked with AFB1 (20 nM) obtained before enrichment. No AFB1-derived ions were observed, and only the solvent background ions at m/z 360 were observed in the mass spectrum. Figure 7B shows the SPME-CFI mass spectrum of the sample containing peanut extract spiked with AFB1 (20 nM) after enrichment. The ion at m/z 368 corresponding to the protonated AFB1 derivative with a loss of a water molecule (structure II in Figure 1) appeared in the mass spectrum. These results showed that our approach can be used to detect trace AFB1 from complex peanut extract samples.




3.7. Comparison of Our Method with Those Existing Methods for Analysis of AFB1


SI Table S2 shows the comparison of our developed method with other methods reported lately [14,64,65,66,67,68,69,70]. The fabrication of the SPME fiber, i.e., 2B pencil leads, required a much shorter time to prepare than that of other SPME fibers. Although the extraction time in our current approach was longer than that required in other approaches, the elution time was shorter and the elution volume was much smaller than those required in the previous reports. In addition, the LOD obtained in our approach was not the lowest compared with other existing methods, but the analysis time only took 1 min, which was the shortest among these methods for the detection of AFB1.





4. Conclusions


We successfully developed a reactive SPME-CFI-MS coupled method for the detection of AFB1. Our results indicated that 2B pencil lead has good binding capacity to AFB1, and the AFB1 adsorbed on the pencil lead can be effectively eluted by suitable elution solvents. In situ reactive SPME-CFI-MS analysis of AFB1 can be readily carried out with the addition of butylamine in the elution solvent. Moreover, the elution efficiency of AFB1 from the SPME fiber with the elution solvent containing butylamine can be further improved. The derivatives of AFB1 from its reaction with butylamine can be used to further confirm the identity of AFB1. The interface, which only requires a sharp pencil lead as the SPME fiber and a 10 μL pipette tip to couple the SPME fiber and CFI-MS, can be easily configured. Direct electric contact on the interface is not necessary; thus, the setup can be easily established in front of the mass spectrometer. The lowest detectable concentration of AFB1 using our approach is lower than the regulated concentration by most countries, indicating that our strategy can be used to rapidly screen the presence of AFB1 in real-world samples. The main advantages of the developed method include speed, simplicity, and a low cost interface. Efforts are still required to develop strategies in demonstrating the feasibility of using the current method for quantitative analysis. To our knowledge, this work is the first report on reactive SPME-CFI-MS for AFB1 analysis. Furthermore, the derivative agent, i.e., butylamine, that can assist in AFB1 elution from the SPME fiber in addition to the in situ derivatization reaction, was demonstrated for the first time. Our results also indicated that 2B pencil lead is a useful SPME fiber for aromatic ring-containing molecules, e.g., AFB1. Thus, the possibility of using 2B pencil lead as the SPME fiber for trapping other analytes containing aromatic rings must be further investigated. The detection tool in the developed method is CFI-MS, which possesses good selectivity and confirmation power for analytes with different molecular weights. Thus, the identification of the analytes trapped by the SPME fiber can be readily carried out by the developed SPME-CFI-MS method. However, further investigation is required to examine this possibility.
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Figure 1. Derivatization of AFB1 by butylamine via the Schiff base reaction. Structures (I) and (II) show the reaction intermediate and product, respectively. 
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Figure 2. Cartoon illustration of the setup of a SPME fiber online coupled with CFI-MS. 
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Figure 3. Examination of the binding capacity of types (A) HB, (B) B, and (C) 2B pencil leads against AFB1. 
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Figure 4. (A) Photograph of the SPME-CFI interface setup, (B) the zoom-in photograph of the interface, and (C) photograph of the pipette tip. 
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Figure 5. Mass spectra obtained without and with the addition of butylamine in the elution solvent for online SPME-CFI-MS analysis. (A) Direct CFI-MS mass spectrum of the sample (10 μL) containing AFB1 (50 nM). SPME-CFI mass spectra of samples obtained from the SPME fiber adsorbed with AFB1 (B) without and (C) with the addition of butylamine (10 nM) in the elution solvent containing acetonitrile/ethanol/deionized water (2:2:1, v/v/v). A 2B pencil lead was used as the SPME fiber to enrich AFB1 (50 nM) from the sample solution (7.5 mL) prepared in Tris buffer (pH 8) under stirring for 2 h. (D) SPME-CFI mass spectrum obtained from the sample (7.5 mL) containing AFB1 (~1.25 nM) in Tris buffer (pH 8) after enrichment using our approach. 
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Figure 6. Examination of selectivity. SPME-CFI mass spectra of the samples (7.5 mL) containing AFB1 (100 nM) and AFG1 (300 nM) obtained (A) before and (B) after enrichment. The elution solvent (10 μL) contained acetonitrile/ethanol/deionized water (2:2:1, v/v/v) with the addition of butylamine (1 μM). 
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Figure 7. Real sample analysis. SPME-CFI mass spectra of the samples (7.5 mL) containing peanut extract (A) without and (B) with additional AFB1 (20 nM) obtained after enrichment. The elution solvent (10 μL) contained acetonitrile/ethanol/deionized water (2:2:1, v/v/v) with the addition of butylamine (1 μM). 
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