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A B S T R A C T   

Consuming foods with excess sulfonamide residues threatens human health, underscoring the importance of their 
detection in food. This study presents an innovative one-pot derivatization/magnetic solid-phase extraction 
(OPD/MSPE) method for sulfonamides analysis. This approach integrates the derivatization and extraction steps 
into a single process. The sample solution, along with the derivatization reagent fluorescamine and the sorbent 
magnetic hydroxyl multi-walled carbon nanotubes, is mixed and vortexed for 3 min. This procedure simulta-
neously conducts derivatization and extraction, with easy phase separation using an external magnet. This 
streamlined sample preparation method is completed in only 5 min and, when combined with liquid 
chromatography-fluorescence detection (LC-FLD), demonstrates excellent linearity (R2 > 0.99) and satisfactory 
detection limits (0.004–0.04 ng/g) for the quantification of nine sulfonamides in honey samples. The proposed 
OPD/MSPE-LC-FLD method is distinguished by its simplicity, rapidity, high sensitivity, and specificity, making it 
an outstanding advancement in the field of food safety analysis.   

1. Introduction 

Sulfonamides (SAs) are synthetic antimicrobial agents extensively 
utilized in both human and animal medicine owing to their affordability, 
high efficiency, and broad-spectrum antibacterial activity (Dai et al., 
2023; Ning et al., 2022). However, SAs are not fully degraded in humans 
and animals. Their prototype drugs can enter the environment via urine 
and feces, contributing to soil and water pollution (Chen et al., 2018). 
The pervasive use of SAs lead to their residue in the environment and 
animal-derived products. Consequently, these residues can accumulate 
in the human body through the food chain, causing a range of adverse 
reactions, including drug resistance, allergies, and damage to the uri-
nary system (Duan et al., 2022). Therefore, establishing a reliable 
method for detecting SA residues in animal-derived food is crucial for 
public health and environmental safety. 

Honey is globally esteemed as a natural and healthful product, 
prompting various countries to establish maximum residue limits 
(MRLs) for SA drugs to safeguard its safety. In the European Union, the 

use of antimicrobials for treating honeybees is prohibited, resulting in no 
specific MRLs for sulfonamides in honey (Zhang et al., 2019). In 
contrast, China has specified an MRL of 50 µg/kg for each sulfonamide. 
Moreover, some countries have set action limits or tolerance thresholds 
for antibiotics in honey (Baeza Fonte et al., 2018). For instance, Belgium 
has a limit of 20 µg/kg, while Great Britain’s limit is 50 µg/kg, both for 
the total sulfonamides content (Bonerba et al., 2021; Zhang et al., 2019). 
Additionally, in certain regions where legislation is less defined, a strict 
zero-tolerance policy for antibiotic residues in honey is often enforced. 

For the present, numerous methods, such as electrochemistry, digital 
image measurement, fluorescence spectroscopy, ultraviolet spectros-
copy, and chromatography, have all been employed to detect SAs (Xie 
et al., 2020). Among these, liquid chromatography (LC) is particularly 
favored for its high selectivity and commendable reproducibility. 
Nonetheless, the direct and precise analysis of SAs using LC can be 
arduous due to the intricate nature of the sample matrix and the minute 
concentrations of SA residues. Consequently, an effective sample pre-
treatment, encompassing extraction, purification, and derivatization, is 
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essential before conducting LC analysis. 
In recent years, the integration of chemical derivatization and 

extraction technology has become increasingly prevalent in food anal-
ysis (Cao et al., 2019; Luo et al., 2021). This integrated approach allows 
for the enrichment and purification of analytes, significantly improving 
the selectivity and sensitivity of methods. Traditionally, in SA analysis, 
extraction and derivatization are performed either independently or in 
succession. However, this often results in prolonged, labor-intensive 
derivatization stages (Dmitrienko et al., 2015; Xie et al., 2020). 
Further, additional steps involving sample transfer can lead to analytical 
inaccuracies, affecting test result reliability. Consequently, developing a 
new sample pretreatment process that streamlines the integrated pro-
cedure and reduces the overall duration for SA analysis is of critical 
importance. 

This study aims to develop a rapid, sensitive and selective method for 
determination of SAs. To achieve this, fluorescamine (FSA), a widely 
used fluorescent derivatization reagent (Li et al., 2020; Yang et al., 
2018), was employed to transform SAs into derivatives with enhanced 
sensitivity and selectivity for fluorescence detection (FLD). Magnetic 
hydroxyl-functionalized multi-walled carbon nanotubes (Fe3O4/ 
MWCNTs-OH) were selected as the sorbent, leveraging their ability to 
selectively extract FSA-labeled SA derivatives through hydrophobic and 
π-π interactions from complex food matrices. Thus, a novel one-pot 
derivatization/magnetic solid-phase extraction (OPD/MSPE) method 
was introduced, facilitating simultaneous derivatization and extraction 
in SA analysis. The primary factors influencing the derivatization/ 
extraction efficiency were optimized, and key quantitative parameters, 
including linearity, detection limit, accuracy, and precision, were eval-
uated. In conjunction with LC-FLD, the OPD/MSPE method was also 
applied to analyze SA residues in honey samples. The performance of the 
integrated OPD/MSPE-LC-FLD method was thoroughly compared with 
other reported techniques, highlighting its unique characteristics and 
advantages. 

2. Experimental 

2.1. Chemicals and reagents 

Fluorescamine (FSA), sulfonamide (SA), sulfadiazine (SDZ), sulfa-
methoxazole (SMX), and sulfamethazine (SMZ) were purchased from 
Rhawn Biotechnology Co., Ltd. (Shanghai, China). Sulfamethoxazole 
(SDM), sulfaguanidine (SGN), and sulfamethazine (SMD) were obtained 
from Titan Biotechnology Co., Ltd. (Shanghai, China). Sulfabenzamide 
(SB), sulfaquinoxaline sodium (SQX), and sulfamonomethoxine (SMM) 
were purchased from Bide Biotechnology Co., Ltd. (Shanghai, China). 
The chemical structures of the nine studied SAs are shown in Fig. 1. 
Sodium acetate and hydroxylated multi-walled carbon nanotubes were 
provided by Aladdin Biochemical Technology Co., Ltd. (Shanghai, 
China). Acetic acid (≥99 %) was obtained from Tianjin Komeo Chemical 
Reagent Co., Ltd. (Tianjin, China). LC-grade methanol (MeOH) and 
acetonitrile (ACN) were provided by Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China). Ultrapure water was obtained from a Milli-Q 
water purification system (Millipore, Billerica, MA, USA). Submicron- 
sized magnetic particles (Fe3O4) were purchased from Nangong Ying-
tai Metal Material Co., Ltd. Hydroxyl-functionalized multi-walled car-
bon nanotubes (MWCNTs-OH) (purity; 95 wt%, outer diameter 30–50 
nm, inner diameter 5–12 nm, and length 10–20 μm) were purchased 
from Aladdin Co., Ltd. (Shanghai, China). 

Individual stock solutions of SAs were prepared by dissolving accu-
rately weighed amounts of solid powder in ACN to achieve a concen-
tration of 1.0 mg/mL. A mixed standard solution of SAs (100 μg/mL) 
was formulated from these individual stock solutions. All stock solutions 
were stored at − 20 ◦C in the dark until use. The standard working so-
lutions were made by diluting the mixed stock solution with purified 
water to the desired concentrations of SAs. The FSA solution was pre-
pared by dissolving an accurately weighed amount of solid powder in 
ACN to reach a concentration of 5.0 mg/mL. It was stored in dark glass 
bottles at − 20 ◦C and used within 3 months. The acetic acid buffer so-
lution (250 mM, pH 3.5) was freshly prepared weekly using acetic acid 
and sodium acetate for the derivatization reaction. 

Eight varieties of honey samples were purchased from a local 

Fig. 1. The chemical structures of the sulfonamides studied.  
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supermarket (Zhengzhou, China). These included linden honey, jingtiao 
honey, jujube honey, buckwheat honey, honeysuckle honey, Chinese 
wolfberry honey, acacia honey, and hundred flowers honey. Detailed 
information about these honey samples is available in the Supporting 
Information. 

2.2. Preparation of Fe3O4/MWCNTS-OH 

The Fe3O4/MWCNTs-OH material was prepared using an “aggregate 
wrap” strategy reported by Feng’s group (Zheng et al., 2016). Specif-
ically, 8.0 g of Fe3O4 and 2.0 g of MWCNTs-OH were accurately weighed 
and ground together in a mortar until a homogeneous fine powder was 
achieved. This powder, termed Fe3O4/MWCNTs-OH, was employed in 
the subsequent OPD/MSPE procedure. 

A Nicolet IS10 Fourier Transform Infrared (FT-IR) spectrometer 
(Thermo Scientific, San Jose, USA) was utilized to characterize Fe3O4/ 
MWCNTs-OH. Scanning Electron Microscopy (SEM) imaging was per-
formed with a Sigma300 SEM (ZEISS, Germany). Magnetic character-
ization was conducted using SQUID based vibrating sample 
magnetometer (MPMS 3, Quantum Design). Nitrogen adsorp-
tion–desorption isotherms at 77 K were measured using Micromeritics 
ASAP 2460 adsorption equipment (Micromeritics Instruments, USA). 
The specific surface area of the samples was calculated using the 
Brunauer-Emmett-Teller (BET) method, based on nitrogen adsorption 
isotherm data at relative pressures ranging from 0.05 to 0.3. 

2.3. Sample pretreatment 

A 5.0 g portion of the honey sample was placed in a 15 mL centrifuge 
tube, followed by the addition of 10.0 mL of ACN. After undergoing 
ultrasonic treatment for 20 min and centrifugation at 10,000g for 3 min, 
the supernatant ACN layer was collected and evaporated to dryness 
under a stream of nitrogen gas. The residue was then redissolved in 1.5 
mL of water for subsequent use. Standard solutions of SAs at a concen-
tration of 20 ng/mL, were prepared by diluting the mixed stock solution 
with purified water. These were used both to optimize extraction con-
ditions and to validate the methodology. 

2.4. One-pot derivatization/magnetic solid-phase extraction pretreatment 
procedure 

The OPD/MSPE process, as depicted in Fig. 2, was carried out as 
follows. Initially, 1.5 mL of the sample solution, 200 μL of the sodium 
acetate buffer solution (250 mM, pH 3.5), 50 μL of FSA (12 mg/mL), and 
4 mg of Fe3O4/MWCNTs-OH materials were sequentially added to a 2 
mL centrifuge tube. The mixture was then vortexed for 3 min to facilitate 

simultaneous derivatization and extraction. After the reaction was 
completed, the supernatant was separated and discarded with the aid of 
an external magnet. Subsequently, 250 μL of acetone was added to the 
tube, which was then vortexed for 2 min to elute the compounds. The 
eluate was collected using an external magnet. Finally, the collected 
eluate was diluted with an equal volume of water and then directly 
subjected to LC-FLD analysis. 

2.5. LC-FLD analysis 

An ACQUITY e2695 high-performance liquid chromatography sys-
tem coupled with a fluorescence detector (Waters Corp., Milford, MA, 
USA) was utilized for the analysis of SAs. The LC separation was ach-
ieved using an Agilent 5 TC-C18 column (150 × 4.6 mm, 5 μm). The 
mobile phase was composed of (A) 0.1 % formic acid in water and (B) 
0.1 % formic acid in acetonitrile, with a flow rate of 1.0 mL/min. The 
gradient program was as follows: 0–15 min, 70 % A; 15–20 min, 68 % A; 
20–40 min, 58 % A; 40–45 min, 70 % A; 45–50 min, 70 % A (isocratic). 
The fluorescence detector (FLD) had excitation and emission wave-
lengths set at 395 nm and 491 nm, respectively. The column tempera-
ture was maintained at 30 ◦C. The autosampler’s temperature was set at 
4 ◦C and the sample injection volume was 20 μL. Each analysis time run 
lasted for a total of 50 min. Data acquisition and processing were carried 
out using the Waters Empower 3.1 software. 

3. Results and discussion 

3.1. The feasibility study and performance assessment of OPD/MSPE 

Due to the typically low levels of sulfonamide residues in food, 
establishing sensitive analysis methods is necessary. By using FSA to 
derivatize SAs into fluorescent-responsive derivatives, the detection 
sensitivity can be significantly enhanced. Moreover, the hydrophobicity 
of the derived products increases, facilitating the extraction process. The 
extraction material’s excellent dispersibility in the solution allows for 
rapid extraction and desorption processes. MWCNTs-OH was chosen as 
the adsorbent due to its superior dispersibility in both aqueous and 
organic samples. To further optimize the procedure and bypass tedious 
laborious centrifugation steps, magnetic MWCNTs-OH (Fe3O4/ 
MWCNTs-OH) was synthesized using a convenient “aggregate wrap” 
strategy (Zheng et al., 2016). 

SEM images reveal that Fe3O4 particles exhibit a distinct cubic 
morphology (Fig. S1A), while MWCNTs-OH displays a characteristic 
entangled fibrous structure (Fig. S1B). The integration of these materials 
into the Fe3O4/MWCNTs-OH composite is evidenced by SEM images 
that depict Fe3O4 nanoparticles uniformly dispersed and affixed to the 

Fig. 2. Schematic diagram of the OPD/MSPE procedure for SAs analysis.  
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MWCNTs’ surfaces (Fig. S1C), indicative of successful composite for-
mation. The FTIR spectrum of Fe3O4/MWCNTs-OH showcases distinct 
absorption bands representative of both constituents. The Fe3O4 spec-
trum is marked by a Fe-O stretching band at 574 cm− 1 (Fig. S2, blue 
line), while MWCNTs-OH features a broad band around 3430 cm− 1 

(Fig. S2, red line), denoting O–H stretching vibrations associated with 
hydroxyl groups. Additional peaks at approximately 1600 cm− 1 and 
1350 cm− 1 correspond to C––C stretching and aromatic C––O stretching 
vibrations, respectively. The composite’s spectrum integrates these 
bands, substantiating the co-presence of Fe3O4 and MWCNTs-OH and 
affirming the successful synthesis of Fe3O4/MWCNTs-OH (Fig. S2, grey 
line). 

Nitrogen adsorption–desorption isotherms were utilized to charac-
terize the surface area and pore size distribution of the Fe3O4/MWCNTs- 
OH composite. As depicted in Fig. S3A, the material demonstrated a BET 
surface area of 27.2 m2/g. Additionally, the pore size distribution, 
illustrated in Fig. S3B, revealed a distinct peak, denoting a concentration 
of pores around the size of 2.5 nm. This suggests a predominantly uni-
form mesoporous architecture, which is advantageous for adsorptive 
applications due to the enhanced surface area accessible for analyte 
interaction. 

The magnetization curves of Fe3O4/MWCNTs-OH at room tempera-
ture shown in Fig. 3A displayed a saturation magnetization intensity of 
64 emu/g. This intensity, while slightly lower than that of pure Fe3O4, 
demonstrates significant magnetic responsiveness. In contrast, the 
magnetization of MWCNTs-OH is almost negligible, indicating minimal 
inherent magnetization and a lack of magnetic properties without the 
presence of Fe3O4. Consequently, Fe3O4/MWCNTs-OH facilitates effec-
tive solid–liquid separation under applied magnetic fields across various 
solvents, as illustrated in Fig. 3B. This confirms the composite material’s 
efficacy as a magnetic sorbent. 

The efficacy of the OPD/MSPE method was examined by analyzing 
standard aqueous solutions with nine SAs at a concentration of 20.0 ng/ 
mL, as well as blank aqueous solutions without SAs. The derivatives of 
the SAs (20.0 ng/mL) standard aqueous solution served as a reference. 
The results showcased that all nine FSA-SAs were effectively detected 
(Fig. 4, curve B), with their retention times aligning with those of the 
derivatives from the standard analyte solution (Fig. 4, curve A). Addi-
tionally, the signal intensity was notably heightened using the OPD/ 
MSPE method. No interfering signals were discernible in the peaks of the 
blank solution (Fig. 4, curve C), indicating the proposed OPD/MSPE 
method’s efficacy for the purification and enrichment of SAs. 

3.2. Optimization of OPD/MSPE conditions 

The primary factors affecting the extraction efficiency were metic-
ulously optimized to ascertain the best extraction conditions. These 
factors encompassed the concentration of FSA, pH of the buffer solution, 
derivatization/extraction time, quantity of Fe3O4/MWCNTs-OH sor-
bent, type and volume of the desorption solvent, and desorption time. 
For the optimization of these conditions, mixed standard aqueous so-
lutions of SAs, each with a concentration of 2.0 ng/mL, were used. The 
extraction recoveries of the FSA-SA derivatives obtained via the OPD/ 
MSPE procedure under varying conditions were juxtaposed against 
those from the in-solution derivatization method, facilitating the 
determination of the optimal conditions. 

3.2.1. The concentration of FSA 
The concentration of the derivatization reagent can influence the 

efficiency of the derivatization process, which subsequently impacts the 
extraction efficiency of SAs. In this study, the effect of FSA concentration 
on the extraction recoveries within a range of 1.0–15.0 mg/mL was 
examined. As illustrated in Fig. S5A, extraction recoveries increased 

Fig. 3. Characteristics of the sorbent: (A) magnetization curve of Fe3O4/MWCNTs-OH and (B) the solid–liquid separation of Fe3O4/MWCNTs-OH in different solvents 
under an applied magnetic field. 

Fig. 4. The LC-FLD chromatogram of (A) SAs-free aqueous solution treated 
with OPD/MSPE, (B) SAs aqueous solution (20 ng/mL) treated with FSA 
derivatization only, and (C) SAs aqueous solution (20 ng/mL) treated with 
OPD/MSPE. 
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with increasing FSA concentrations in ranges of 1.0–10.0 mg/mL. 
Beyond the threshold concentration of 10.0 mg/mL, the recovery rates 
reached a plateau. This phenomenon is attributed to the fact that within 
a specific concentration range, higher concentrations of the derivatiza-
tion reagent tend to enhance reaction efficiency. However, once the 
concentration of the derivatization reagent reaches a certain level, the 
efficiency of the derivatization reaction maximizes and does not increase 
further. Although increases in target analyte recoveries were not sig-
nificant beyond 10.0 mg/mL, a concentration of 12.0 mg/mL was 
selected for subsequent experiments. This selection was based not only 
on recovery but also on factors such as reagent stability, the robustness 
of the extraction process, and consistent performance across different 
sample matrices and conditions, ensuring optimal derivatization effi-
ciency and reproducibility. 

3.2.2. The pH of buffer solution 
According to a prior report (Li et al., 2020), it was found that the 

derivatization reaction was more efficient under acidic conditions. 
Consequently, this study sought to explore the effect of varying pH levels 
in acetate buffer salt solutions on derivatization efficiency. As shown in 
Fig. S5B, the maximum extraction recoveries for FSA-SAs were achieved 
at a pH of 3.5 for the buffer salt solution. When the pH exceeded this 
value, the extraction recoveries showed a marked decline. This decrease 
was likely because the nucleophilic activity of the primary amine groups 
towards FSA is at its peak at pH 3.5, which is conducive to reacting with 
FSA to form the FSA-SA derivative (Derayea et al., 2020). Based on these 
results, an acetate buffer salt with a pH of 3.5 was chosen for subsequent 
experiments. 

3.2.3. The derivatization/extraction time 
To achieve efficient derivatization and extraction, the influence of 

derivatization/extraction time on the extraction recovery of FSA-SAs 
was studied over a range of 1–10 min. As depicted in Fig. S5C, the 
peak extraction recoveries for FSA-SAs occurred at a vortexing duration 
of 2 min. No significant improvements in extraction recoveries were 
noted with longer vortexing times. This observation could be attributed 
to the fact that reaching extraction equilibrium and achieving maximum 
derivatization efficiency required a certain amount of time. The results 
of this experiment suggested that both extraction and derivatization can 
attain equilibrium within 2 min. To minimize potential errors from 
factors like human intervention, a vortexing duration of 3 min was 
chosen for subsequent derivatization/extraction procedures. 

3.2.4. The amount of sorbent 
The influence of the amount of Fe3O4/MWCNTs-OH on the extrac-

tion efficiency was explored over a range of 2–10 mg, as depicted in 
Fig. S5D. The results indicated a significant increase in extraction re-
coveries of the derivatives as the amount of sorbent material increased 
from 2.0 mg to 4.0 mg. However, beyond 4.0 mg, no additional im-
provements in extraction recoveries were observed. This trend could be 
attributed to the limited adsorption sites available at lower sorbent 
quantities, which were insufficient to adsorb all FSA-SA derivatives. At 
and above 4.0 mg, the sorbent provided adequate adsorption sites for the 
FSA-SA derivatives. Increasing the amount of material beyond this point 
did not contribute to further enhancement in extraction efficiency, 
suggesting that 4 mg was enough for maximum adsorption capacity. 
However, to ensure thorough adsorption of the target analytes without 
undue interference, an amount of 5.0 mg of Fe3O4/MWCNTs-OH was 
chosen for subsequent experiments. 

3.2.5. The type of desorption solvent 
In this study, commonly used organic solvents in the laboratory 

(acetone, acetonitrile, and methanol) were chosen as desorbing solvents 
to investigate their effects on extraction recoveries. As shown in 
Fig. S5E, acetone emerged as the most effective solvent, yielding the 
highest extraction recoveries. The enhanced performance of acetone 

may potentially be attributed to its ability to disrupt the hydrophobic 
and π-π interactions, which are thought to primarily govern the 
adsorption of FSA-SA derivatives by Fe3O4/MWCNTs-OH (Rakhtshah 
et al., 2021; Wang et al., 2017). Therefore, acetone was selected as the 
desorption solvent for subsequent experiments. 

In current study, the desorption solution was directly transferred to 
LC-FLD analysis for convenience. However, when using acetone as the 
desorption solvent, phenomenon such as peak splitting and retention 
time drift, caused by solvent effects, occurred because the elution 
strength of the sample solvent was greater than the elution strength of 
the initial mobile phase. This was especially true for the chromato-
graphic peak of FSA labeled SGN, making the analysis less robust. 
Typically, two strategies can be employed: blow drying the desorption 
solution and reconstitution in mobile phase, or dilution the desorption 
solution with water. To simplify the sample preparation process, the 
desorption solution was diluted one-fold with water before LC-FLD 
analysis. 

3.2.6. The desorption time 
The desorption time has the potential to affect the extraction re-

coveries of the derivatives. In this experiment, the effect of desorption 
time on the extraction recoveries of FSA-SAs was examined within the 
range of 1–10 min. The results, presented in Fig. S5F, indicated that the 
recoveries remained consistent regardless of the desorption time. This 
consistency might be attributed to the rapid achievement of desorption 
equilibrium within the first minute, suggesting that the desorption of 
FSA-SAs from Fe3O4/MWCNTs-OH occurs swiftly and efficiently. To 
ensure complete desorption of the derivatives, a desorption time of 2 
min was chosen as the final duration. 

3.2.7. The volume of desorption solvent 
Next, the effect of acetone volume on the extraction recovery was 

examined within the range of 100–500 μL. As shown in Fig. S6A, the 
extraction recovery increased with the volume of the desorption solvent. 
Considering that the desorption solution was directly analyzed by LC- 
FLD, the concentrations of derivatives in the desorption solution deter-
mine the detection sensitivity. Therefore, the effect of acetone volume 
on the peak areas of the derivatives was also investigated. The results 
shown in Fig. S6B indicated that the peak areas of the derivatives 
decreased as the acetone volume increased. This phenomenon can be 
attributed to the dilution effect; as the desorption volume increases, the 
concentration of the FSA-SA derivatives in the solution decreases. 
Although the efficiency of desorption improves with larger volumes, this 
increase is insufficient to offset the dilution effect caused by the 
increased volume, resulting in a reduced concentration of derivatives 
and, consequently, a lower signal response. Therefore, to achieve higher 
detection sensitivity, a volume of 100 μL of acetone was chosen as the 
desorption solvent for subsequent experiments. 

3.3. Stability of FSA-SA derivatives 

During the experiments, the stability of the FSA-SA derivatives at 
room temperature was found to be short-lived. To investigate their 
stability, the derivatives were stored at room temperature (25 ◦C) and at 
low temperature (4 ◦C) over a period of time. The results, presented in 
Fig. S6A, indicate that the derivatives were relatively stable for up to 2 h 
at room temperature, after which there was a significant decrease in the 
response values over time. In contrast, when stored at 4 ◦C, the de-
rivatives maintained better stability for up to 12 h (Fig. S6B). Based on 
these findings, it is recommended to maintain the autosampler tem-
perature at 4 ◦C to ensure accurate quantitative analysis of SAs. 

3.4. Potential exaction mechanism 

Based on existing research (Chen et al., 2023), a seven-ring pure 
graphene structure was used to simulate the MWCNTs-OH model. The 
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structural models of MWCNTs-OH, SD, and MWCNTs-OH@SD were 
constructed using Gaussian 09 software and investigated using 
dispersion-corrected density functional theory (DFT-D3(BJ) and D3 with 
Becke–Johnson damping). The geometry optimization was performed 
using the B3LYP level of theory and the 6-31G(d) basis set. The binding 
energy between MWCNTs-OH and SD was calculated using the following 
equation. Here, ΔE represents the binding energy, EAB represents the 
energy of the complex, and EA and EB represent the energies of 
MWCNTs-OH and SD, respectively. After calculation, the binding energy 
between MWCNTs-OH and SD was found to be − 0.0331 eV, indicating 
the effective adsorption of MWCNTs-OH. 

ΔE = EAB − EA − EB (1) 

To further analyze the weak interactions between MWCNTs-OH and 
SD, the Interaction Region Indicator (IRI) (Lu et al., 2021) and Reduced 
Density Gradient (RDG) (Johnson et al., 2010) were computed using 
Multiwfn 3.8 (Lu et al., 2012) and the VMD program (Humphrey et al., 
1996). The results, as shown in Fig. S7, reveal prominent basin-shaped 
green isosurfaces over a large area, indicating the presence of vdW in-
teractions and dispersion-dominated pi-H interactions. Additionally, 
blue-green isosurfaces are observed, suggesting the existence of O–H 
interactions between MWCNTs-OH and SD. In the RDG scatter plot, clear 
scattering near RDG − 0.022 a.u. distinctly demonstrates the presence of 
weak hydrogen bonds (Fan et al., 2022). 

3.5. Matrix effects 

The complex matrix present in actual samples can interfere with the 
detection of target analytes. In this study, blank honey samples were 
spiked with 2.0 ng/mL of SAs to investigate matrix effects. The matrix 
effect was determined by calculating the ratio of the peak area of the 
derivatives obtained from the spiked sample to the peak area of the 
derivatives from the standard aqueous solution of the same concentra-
tion. The results, presented in Table S1, indicated that the matrix 
affected the detection of most SAs. However, the recoveries of each 
analyte across the three different types of honey samples were compa-
rable. Consequently, any of the honey samples were subsequently cho-
sen as blank matrices for method validation. 

3.6. Method validation 

Under the optimized experimental conditions, calibration curves 
were constructed by plotting the chromatographic peak areas against 
the respective analyte concentrations, and linear regressions were per-
formed. As presented in Table 1, the calibration curves exhibited satis-
factory linearity for all SAs, with regression coefficients (R2) exceeding 
0.99. The limits of detection (LODs) were determined based on a signal- 
to-noise ratio of 3:1 and ranged from 0.004 to 0.04 ng/g. 

The accuracy and precision of the validated method were assessed 
through relative recoveries and intra- and inter-day relative standard 
deviations (RSDs). The blank honey sample was spiked with SAs at low 
(0.1 ng/g), medium (1 ng/g), and high (8 ng/g) concentrations, and 
three replicates were performed to calculate the relative recoveries and 
RSDs. As indicated in Table S2, the relative recoveries ranged from 86.2 
% to 111.2 %, with intra-day and inter-day RSDs below 10.5 %. These 
results demonstrate that the method exhibited satisfactory accuracy and 
precision for quantitative analysis. 

3.7. Applications towards real sample 

SAs have long been used in the beekeeping sector to counteract 
common bacterial larval diseases like American foulbrood and European 
foulbrood, playing a key role in reducing bee fatalities (Kadziński et al., 
2018; Zhang et al., 2021). However, due to the slow metabolism and 
degradation of sulfonamides in animals, excessive unauthorized use 
could lead to their residue in bees and consequently in bee products. As 
early as 2003, China issued a standard for SA residues in honey, GB/T 
18932.17-2003, which is still the current standard. The multi-drug 
residue standard for honey, GB/T 22943-2008, established in 2008, 
also includes SA residues. Thus, determination of SAs in honey is crucial 
as a precautionary measure to ensure consumer safety. 

In this study, the validated OPD/MSPE method was applied to 
determine SAs in five real honey samples to gauge its practical appli-
cability. No SAs were detected in any of the samples. The inability to 
detect these residues is largely attributed to the limited sample size (only 
five honey samples) and increasingly stringent market regulation. To 
further assess the method’s quantitative analysis capability, a single- 
blind method was employed [37]. This involved analyzing five honey 
samples spiked with unknown concentrations of SAs, with the spiked 
levels concealed from the operator until the final assay results were 
disclosed. The results, presented in Table S3, showed that the detection 
levels closely matched the spiked levels, indicating that the method’s 
effectiveness for accurate analysis of sulfonamides in real samples. 

3.8. Comparisons with reported methods 

The proposed method was compared with other reported method for 
detecting SAs in different samples (Table 2). Compared with the 
methods reported in references [37–40], the OPD/MSPE method 
developed in this study offers several advantages. Firstly, it integrates 
the derivatization and extraction steps into a single process, allowing for 
simultaneous derivatization and extraction. This integration simplifies 
and speeds up the analysis procedure, making it more straightforward 
and efficient. Secondly, rapid phase separation is achieved using an 
external magnet, eliminating the need for centrifugation and further 
streamlining the sample pretreatment process. The entire preparation 
process takes only 5 min. Thirdly, many detection instruments, such as 
LC-UV, exhibit low selectivity for SAs, often resulting in interference due 
to overlapping absorption wavelengths between sulfonamides (around 
270–280 nm) and proteins in animal tissues (around 280 nm). In this 
study, fluorescence derivatization of SAs was employed, enhancing 
detection specificity and reducing the method’s detection limit. In 
summary, when combined with LC-FLD, the OPD/MSPE method 
developed in this study offers a strategy characterized by simplicity, 
speed, high sensitivity, and high specificity for analytically detecting 
sulfonamides in complex matrix samples. 

4. Conclusion 

In this paper, a simple, rapid, and efficient method named one-pot 
derivatization/magnetic solid-phase extraction (OPD/MSPE) has been 
developed for the purification and enrichment of sulfonamides in com-
plex samples. This method, combined with LC-FLD, establishes a qual-
itative and quantitative analysis technique for nine sulfonamides in 

Table 1 
Calibration curves, LOQs and LODs of SAs in honey obtained by OPD/MSPE 
method.  

SAs Regression line (R2) LODs 
(ng/ 
g) 

LOQs 
(ng/ 
g)  

Linear range (ng/ 
g) 

Linear equation    

SGN 0.10–10.0 y = 240197x − 2066  0.9992  0.04  0.12 
SA 0.05–10.00 y = 453920x − 1085  0.9990  0.02  0.06 
SDZ 0.05–10.00 y = 613892x + 2339  0.9990  0.02  0.06 
SMZ 0.05–10.00 y = 396362x + 3261  0.9991  0.02  0.06 
SMM 0.05–10.00 y = 458010x − 4776  0.9994  0.02  0.06 
SMD 0.05–10.00 y = 596685x − 8638  0.9996  0.02  0.06 
SMX 0.02–10.00 y = 881265x + 2371  0.9995  0.01  0.03 
SDM 0.02–10.00 y = 514962x + 3520  0.9995  0.01  0.03 
SB 0.01–10.00 y = 2281448x +

6720  
0.9989  0.004  0.012  
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honey. The OPD/MSPE method integrates the derivatization and 
extraction steps into a single procedure, and phase separation is ach-
ieved using an external magnet. This approach streamlines the sample 
pretreatment process, making it both easier and faster, with the entire 
preparation process completed in just 5 min. The OPD/MSPE method 
boasts advantages such as simplicity, speed, high sensitivity, specificity, 
and minimal use of organic solvents. It presents a new avenue for the 
pretreatment of complex samples. 
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