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Sample pretreatment is an essential procedure in pesticide analysis, as the matrix effect can significantly influence the results. In this study, a covalent organic framework (COF) was synthesized using 1,2,4,5-tetrakis-(4-formylphenyl)benzene (TFPB) and benzidine (BD) to mitigate the matrix effect in vegetable and fruit samples. This COF was then used to develop a solid-phase extraction (CSPE) method. In addition, the COF was used to create a magnetic COF (MCOF) for use in magnetic solid-phase extraction (MSPE). The synthesized COF and MCOF were thoroughly characterized using scanning electron microscopy (SEM) for morphological analysis, Fourier-transform infrared spectroscopy (FT-IR) for chemical bond identification, and N2 adsorption–desorption measurements for porosity and surface area assessment. Key pretreatment parameters such as buffers, dilution rate, sorbent dosage, extraction time, elution solvent, and reuse number were optimized. The developed CSPE and MSPE showed excellent purification ability for the matrix of vegetable and fruit samples. The reuse test demonstrated that the synthesized COF and MCOF can be reused up to 15 times. Moreover, the developed CSPE and MSPE showed acceptable recoveries in spiked recovery tests, suggesting that these pretreatment methods were feasible for sample purification in pesticide analysis.

Keywords
 pesticide; covalent organic framework; pretreatment; solid phase extraction; magnetic solid-phase extraction


Introduction

Pesticides are widely used in agricultural production to control pests and diseases, making them the backbone of the agri-food sector in its endeavor to secure food production (Chen Z. Y. et al., 2023; Li H. et al., 2022; Ma et al., 2023). However, pesticides are typically used in large quantities, so they pose potential risks to organisms across various environments and demonstrate toxicity toward human beings (Meng et al., 2022; Zhang et al., 2023). Moreover, high levels of pesticide residue in food may cause chronic poisoning and even cancer (Pedroso et al., 2022; Yang et al., 2018). Therefore, to protect consumers from the hazards of pesticides, it is necessary to improve the monitoring of pesticide residues in foods.

Instrumental methods are commonly used for the detection of pesticide residues in foods due to their high accuracy, precision, reproducibility, and selectivity. Several instrumental methods for pesticide analysis have been reported, including HPLC-MS/MS (Dong et al., 2023), GC–MS/MS (Harischandra et al., 2021), AChE sensor (Dai et al., 2024), immunoassays (Guo et al., 2024), and electrochemical sensors (Ding et al., 2024). In non-targeted food safety analysis, it is crucial to ensure that the sample pretreatment eliminates matrix effects and retains chemical contaminants (Wang et al., 2021). Previous studies have reported advanced materials for cleaning up the extracts from vegetable or fruit samples, including carbon nitride materials (Pan et al., 2022), molecularly imprinted polymers (Abdulhussein et al., 2021), metal–organic frameworks (MOFs) (Liu et al., 2022), and covalent organic frameworks (COFs) (Wang et al., 2021). COFs possess metal-free π-conjugated backbone structures connected by covalent bonds and feature large specific surface areas, good thermal stability, and abundant pores (Dong et al., 2024; Liu et al., 2024; Zhang et al., 2024). Hence, COFs can effectively adsorb organic compounds and eliminate the interference of macromolecular impurities in the matrix by the size exclusion effect (Lin et al., 2020), making them suitable materials for sample pretreatment.

In this study, a novel COF was synthesized using 1,2,4,5-tetrakis-(4-formylphenyl)benzene (TFPB) and benzidine (BD) to remove the matrix effect of vegetable and fruit samples (Scheme 1). The COF was used to prepare a solid-phase extraction (CSPE) method. It was further used to prepare a magnetic COF (MCOF) for the development of magnetic solid-phase extraction (MSPE). Moreover, key pretreatment parameters including buffers, dilution rate, dosage of sorbent, time for extraction, elution solvent, and number of reuses were optimized. Both pretreatment methods were used for pesticide analysis, and the results of the recovery test were verified using HPLC-MS/MS to evaluate the accuracy, reliability, and practicability of the two developed pretreatment methods.
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SCHEME 1
 The development of CSPE and MSPE.




Materials and methods


Materials and reagents

Pesticide standards were purchased from Tanmo Technology Ltd. (Beijing, China). 1,2,4,5-Tetrakis-(4-formylphenyl)benzene (TFPB), benzidine (BD), N-2-hydroxyethylpiperazine-N-ethane-sulfonic acid (Hepes), Tris-(hydroxymethyl)-aminomethane (Tris), and 1,4-dioxane were purchased from Aladdin Chemical Technology Co., Ltd. (Shanghai, China). Amino magnetic beads (5 mg/mL) were supplied by Beaver Biomedical Co., Ltd. (Suzhou, China). Boric acid, acetonitrile, acetone, N,N-dimethylformamide (DMF), methanol, and ethanol were supplied by Damao Chemical Technology Co., Ltd. (Tianjin, China).



Instruments

Absorbance was measured using an HBS-Scan Y microplate reader (DeTie Biotechnology Co., Ltd., China). Centrifuge (TGL-15B) was purchased from Anting Scientific Instrument Factory (Shanghai, China). HPLC-MS/MS analysis was performed using a 1,290 Infinity-6495 system (Agilent Technologies, Inc., CA, USA) using a liquid chromatography column (Welch, 100 × 2.1 mm, 3.5 μm).



Preparation of COF

The synthesis of COF was according to the method reported by Li et al. (2023). Briefly, 19.8 mg of TFPB and 14.7 mg of BD were dissolved in 4 mL of 1,4-dioxane, respectively. Afterward, the two solutions were mixed, and 1 mL of 6 mol/L acetic acid was added subsequently. The mixture was rested at room temperature for 72 h in the dark. The product was washed with ethanol three times and dried at 60°C. Then, 10 mg of COF was added into a 3-mL SPE column to prepare CSPE.



Preparation of MCOF

First, 19.8 of mg TFPB and 14.7 mg of BD were separately dissolved in 4 mL of 1,4-dioxane each. Afterward, 1.0 mL of amino magnetic beads was added to the BD solution before adding the TFPB solution. Then, 6 M acetic acid was added and mixed. The mixture was rested at room temperature for 72 h in the dark. The product (MCOF) was washed with ethanol three times and dried at 60°C. The MCOF powder was used to develop MSPE.



Optimization of CSPE and MSPE

To develop CSPE and MSPE, several parameters were optimized, including types of diluents, dilution rate, types of eluents, and addition amount for COF and MCOF. The removal percentage of the matrix (R%) and elution efficiency (E%) were calculated using the following equations:
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Here, AS, AP, and AE are the absorption values at 666 nm for sample extract, purified solution, and eluent, respectively. The conditions for single-factor optimization are summarized in Supplementary Tables S1, S2.



Procedures of CSPE and MSPE

For the purification of CSPE, 3 mL of acetonitrile was added to the column for activation. Then, 1 mL of sample extract was loaded into the CSPE, and the flow speed was kept at 0.5 mL/min. After purification, the CSPE was renewed by washing with 5 mL of acetone.

For the purification of MSPE, 5 mg of MCOF was added to a 1.5 mL centrifuge tube. Afterward, 1 mL of acetonitrile was added for activation with the assistance of a vortex mixer for 30 s. Acetonitrile was removed after magnetic separation. The sample extract (1 mL) was subsequently loaded for 10-s vortex mixing. The pure extract was obtained after magnetic separation. The MCOF was renewed by washing with 3 mL of acetone after purification.



Sample purification

The sample purification step was performed according to the China National Food Safety Standard (GB 2763–2021, 2021). First, 10 g of samples (cucumber, Chinese cabbage, green grape, and pomelo) was homogenized and mixed with 10 mL of acetonitrile in a 50 mL polypropylene centrifuge tube. Then, 4 g of MgSO4, 1 g of NaCl, 1 g of sodium citrate, 0.5 g of sodium dihydrogen citrate, and a ceramic homogenizer were added and the tube was shaken vigorously for 1 min, followed by centrifuging for 5 min at 4200 r/min. Next, 1 mL of the upper layer was purified using a CSPE column or MSPE, respectively. The purified solution was filtered using a 0.22-μm membrane and analyzed using HPLC-MS/MS. The HPLC-MS/MS parameters are summarized in the Supplementary Tables S3, S4.




Results and discussion


Identification of COF and MCOF

This study synthesized SCOF and MCOF for sample purification owing to their large surface areas for matrix absorption. As shown in Figure 1, scanning electron microscopy (SEM) images revealed surface microstructures of COF and MCOF, displaying porous morphology. The irregular particle morphology of COF was observed in Figure 1A, and its dense porous morphology was clearly shown in Figure 1B, demonstrating the large surface area of COF. Based on the synthesized COF, the MCOF was further prepared. The SEM micrograph (Figure 1C) of the MCOF distinctly exhibited a spherical morphology, notably different from that of the COF. Moreover, the porous nanoflower morphology is clearly illustrated in Figure 1D, which can be attributed to the uniform growth of COF on the surface of amino magnetic beads.
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FIGURE 1
 The SEM image of (A,B) COF and (C,D) MCOF.


To further analyze the structural characteristics of MCOF, a transmission electron microscope (TEM) was used. The TEM image of MCOF clearly showed that the Fe3O4 core was covered by the nanoflower structure of COF (Figures 2A,B). The element mapping graph showed the presence of Fe and O elements in the MCOF (Figures 2C,D), which can be attributed to the Fe3O4 core. Moreover, the Fe3O4 core was encapsulated by a nanoflower layer of C and N elements, with their presence being attributed to the formation of the C=N group (Figures 2E,F). The energy-dispersive spectrum of MCOF also verified the existence of Fe, O, C, and N elements (Figure 2G).
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FIGURE 2
 (A) The TEM image of MCOF; (B) the high-angle annular dark field (HAADF) of MCOF; the elemental mapping for MCOF: (C) C, (D) O, (E) N, and (F) Fe; and (G) the energy-dispersive spectrometer spectrum of MCOF.


Fourier-transform infrared (FT-IR) spectroscopy was further carried out to verify the conversion of COF and MCOF (Figure 3A). The broad bands located at 3500 cm−1 to 3,300 cm−1 belong to the N-H vibrations of amidogen (Chen Z. J. et al., 2023). The peak at 1620 cm−1 for COF and MCOF can be ascribed to the stretching vibration of the C=N group (Li W. et al., 2022). For COF and MCOF, the peaks ranging from 1,520 cm−1 to 1,430 cm−1 are indicative of the benzene ring (Wang et al., 2024), whereas the peaks between 860 cm−1 and 800 cm−1 correspond to the para-substitution of the benzene ring. These characteristics can be attributed to the structural elements of BD and TFPB. The weak stretching vibration of the Fe-O bond was observed at 587 cm−1 for MCOF (Li and Row, 2018). All the FT-IR spectra confirmed the successful synthesis of both COF and MCOF.
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FIGURE 3
 (A) The FT-IR spectrum for amino magnetic beads, COF, and MCOF; (B) the XRD of COD and MCOF; and the N2 adsorption–desorption isotherms of (B) COF and (C) MCOF.


The XRD patterns of COF and MCOF are shown in Figure 3B. Both COF and MCOF showed a strong diffraction peak at 2.22° (2θ), which was assigned to (100) diffractions (Li et al., 2023). Moreover, the broad diffraction band over the range of 15–25° indicates partial crystallinity within the two-dimensional COF and MCOF (Akyuz, 2020; Koonani and Ghiasvand, 2024). For MCOF, the strong diffraction peak at 35.5° and weak diffraction peaks at 30.1°, 43.1°, and 57.0° belonged to (311), (220), (400), and (511) diffractions for Fe3O4, respectively (Sajid et al., 2023). The above results indicated that the crystalline structure of COF and MCOF was well-retained. Moreover, the magnetic property of MCOF was investigated using a vibrating sample magnetometer (VSM). The hysteresis curve (Supplementary Figure S3) showed superparamagnetic behavior, with a coercivity of 36.4 Oe and a magnetization of 11.3 emu/g, indicating that MCOF can be used for efficient magnetic separation.

To further analyze the porosity of COF and MCOF, N2 gas adsorption/desorption isotherm was used. As shown in Figures 3C,D, the adsorption/desorption isotherm exhibited hysteresis loops with characteristic IV-type patterns, indicative of the concurrent presence of both micropores and mesopores within the COF and MCOF (An et al., 2023; Wu et al., 2024). The BJH pore distribution pattern of COF and MCOF (Figures 3C,D inset) revealed that the pore size was approximately 1.59 nm. The BET-specific surface area of COF was 122.0 m2/g. However, due to the core of the amino magnetic bead, the BET-specific surface area of MCOF only reached up to 58.3 m2/g. Hence, COF with high specific surface area and micropores can be effectively used for the absorption of matrix from food samples.



Development of CSPE and MSPE purification

Lettuce was used as a vegetable sample to optimize the parameters for the purification capacity of CSPE and MSPE. The UV–Vis spectrum of the lettuce sample extract exhibited a distinct absorption peak at 666 nm, whereas no prominent peaks were discernible within the range of 500 nm to 800 nm (Figure 4A). Therefore, the characteristic absorption peak at 666 nm was used as an indicator to evaluate the optimization parameters. For MCOF preparation, the usage of amino magnetic beads was optimized. As the amount of amino magnetic beads increased, the R% also increased accordingly (Supplementary Figure S1). Hence, the MCOF prepared using 1 mL of amino magnetic beads was used for subsequent optimization and MSPE development. For the diluent optimization, a parallel trend in R% was observed, and water demonstrated the highest R% for both CSPE and MSPE. Consequently, water was determined to be the optimal diluent (Figures 4B,C). Based on the optimized diluent, the effect of dilution rate on R% was further studied. For CSPE, as the dilution rate increased, the R% showed a decreasing trend, while the highest R% was observed for sample extract without dilution and MSPE (Figures 4D,E). Thus, it was inferred that the sample extract can be directly purified using CSPR or MSPE without any diluent, which is simple, convenient, and low-cost. For MSPE, the vortex time was investigated, and the results indicated that the matrix was removed after 10 s of vertexing, thereby demonstrating the remarkable purification ability of MCOF (Supplementary Figure S2).
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FIGURE 4
 (A) The UV–Vis spectrum of sample extract and purified solution; the diluent optimization for (B) CSPE and (C) MSPE; the dilution rate diluent optimization for (D) CSPE and (E) MSPE; the optimization of COF and MCOF addition for (F) CSPE and (G) MSPE, respectively; and the eluent optimization for (H) CSPE and (I) MSPE.


The addition amounts of COF and MCOF for CSPE and MSPE were further optimized, respectively. As the amount of COF increased, the R% for both CSPE and MSPE also increased (Figures 4F,G). The CSPE and MSPE achieved the highest R% with the addition of 10 mg of COF and 5 mg of MCOF, respectively, which were chosen as the optimal addition amounts. The eluent was further studied to investigate the feasibility of the reuse of COF and MCOF. As shown in Figures 4H,I, 1,4-dioxane exhibited remarkable elution capacity and achieved the highest E%. In contrast, alcohols (ethanol and methanol) showed poor elution ability. Therefore, 1,4-dioxane was chosen as the optimal eluent. Under the optimized conditions, the developed CSPE showed stable purification capacity during 15 reuse cycles, while the purification capacity of MSPE decreased slightly. However, the R% remained above 80% (Figures 5A,B). These results indicated that the synthesized COF and MCOF were suitable materials for low-cost pretreatment of vegetable and fruit samples.

[image: Figure 6]

FIGURE 5
 The reusability of (A) CSPE and (B) MSPE.




Recovery test

To assess the accuracy of the developed CSPE and MSPE, the recovery test was carried out. Samples (cucumber, Chinese cabbage, green grape, and pomelo) were spiked with 10 pesticides, respectively. Then, they were purified using CSPE and MSPE and analyzed using HPLC-MS/MS. The results are summarized in Tables 1, 2. The recoveries of CSPE and MSPE were 76–92% and 77.3–95.1%, respectively, with the coefficient of variances (CVs) of 1.75–9.55% and 1.63–12.9%, respectively. The results indicated acceptable recoveries, which can fulfill the pesticide maximum residue limits (MRLs) set by the Chinese government (GB 2763–2021, 2021), the European Union (EU Plant Pesticides Database, n.d.), the USA (States Environmental Protection Agency (EPA), n.d.), and the Codex Alimentarius Commission (Codex Alimentarius Commission Pesticide Index, n.d.). These findings demonstrated the accuracy and practicability of the developed CSPE and MSPE. Moreover, the developed MSPE required less usage and more convenient steps compared to CSPE. However, the CSPE showed potential for online HPLC or GC analysis. Therefore, these two formats of purification can both be used for monitoring, depending on the purification step that is required.



TABLE 1 Recovery of ten pesticides from spiked food samples using CSPE.
[image: Table1]



TABLE 2 Recovery of 10 pesticides from spiked food samples using MSPE.
[image: Table2]




Conclusion

This study synthesized a COF and further prepared an MCOF to develop CSPE and MSPE, respectively. The synthesized materials were characterized using SEM and FT-IR analyses. The results indicated the successful synthesis of COF and MCOF. The parameter optimization test suggested that the sample extract can be directly purified by CSPE and MSPE without dilution, which is simple, convenient, and efficient. Furthermore, the synthesized COF and MCOF can be regenerated and reused up to 15 times, which reduces the cost of sample purification. The recovery test showed acceptable recoveries for vegetable and fruit samples, which fulfill the MRLs set by most countries and organizations. In summary, the developed CSPE and MSPE are ideal purification methods and show potential for pesticide analysis in vegetable and fruit samples.
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Recovery (%) 774 8558 877 887 %0 89 904 897 76 503
V(%) 473 486 61 551 542 644 562 68 955 573
Chinese  Unspiked mean:SD (ug/L) 029002 0.13£001 0.18+0.02 022002 0214002 0082001 0364005 0 00140 0
€abbage  Measured mean:£SD (ug/L) 9.18+0.41 88+062 8964031 9.04£031 9414048 9222029 942033 9.07£029 83052 8514057
Recovery (%) 889 867 878 882 92 914 904 907 829 85.1
v (%) 447 7.05 346 343 51 315 351 32 627 67
Green grape  Unspiked mean +D (ug/L) 0.26£0.02 1254009 01320 0.19£0.02 0224001 0030 036004 0 0 0
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Pomelo  Unspiked mean+SD (ug/L) 0.29£0.03 0.1£001 0224002 0270 0.2540.04 0324001 038£002 | 015£0.02 0 8874103
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“The spiked level of each pesticide is 10ug/mL; *SD, standard deviation; “CYV, coefficient of variance, which was obtained from intra-assay.
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