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ABSTRACT 

	Sulfonamides (SAs) are a class of synthetic broad-spectrum antibiotics commonly used to treat bacterial infections in dairy cattle. Improper use can lead to drug residues being excreted into milk, posing a serious threat to public health. Current efforts in veterinary drug residue detection are directed toward rapid, efficient, and multi-residue methods. This critical review systematically evaluates sample pretreatment and analytical detection techniques for sulfonamide residues in milk. PubMed, Web of Science, CNKI, and Wanfang databases were searched up to May 2025. After screening, 60 studies (32Chinese, 28 English) were included. The advantages and disadvantages of different methods are compared: chromatographic methods (HPLC and LC‑MS/MS) offer high sensitivity (detection limits 0.05–0.10 μg/kg) and structural confirmation, but require expensive instrumentation and time‑consuming pretreatment (>60 min/sample). Biosensors and surface‑enhanced Raman spectroscopy (SERS) respond quickly (<10 min) and are suitable for on‑site testing, yet they suffer from lower stability, limited multiplexing capacity, and matrix‑induced false positives. Major limitations of current methods include matrix effects, emulsification rates above 25% in liquid‑liquid extraction, poor quantification ability of immunoassays (RSD >15%), and detection limits above 10 μg/kg for most rapid tests. In practice, conventional chromatography remains the gold standard for confirmatory analysis, while biosensors and immunoassays serve as complementary tools for large‑scale or field screening. Future research should focus on improving matrix robustness, multiplex detection capability, and portability of emerging technologies.
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1. INTRODUCTION 

Sulfonamides (SAs) are a class of synthetic broad-spectrum antibiotics containing a sulfonamide group (SO₂NH₂). They exert their bacteriostatic effect by inhibiting bacterial dihydropteroate synthase (DHPS), thereby blocking folate synthesis[1]. They are used to prevent and treat bacterial infectious diseases[2], such as mastitis and respiratory tract infections[3]. Due to their low cost, rapid absorption, and broad-spectrum antibacterial activity, they are commonly used in veterinary clinical practice and animal husbandry[4–5].Sulfonamide residues in milk may cause adverse effects in consumers [6]; therefore, their detection is critical for protecting public health and ensuring food safety. This review summarizes common sample pretreatment methods and detection techniques—including liquid-liquid extraction, solid-phase extraction, the QuEChERS method, chromatographic analysis, immunoassays, and spectroscopic techniques—and discusses their roles in improving detection efficiency, reducing costs, and simplifying operational procedures [59、60].
However, sulfonamide drugs have a relatively long metabolic half-life, and improper use can easily lead to residues in animal-derived foods such as milk, meat, and eggs. Such residues may not only increase the risk of antibiotic resistance but also trigger allergic reactions and disrupt the function of the hematopoietic system[6]. Xinjiang has a large dairy production capacity and high market demand. Due to their slow metabolism, sulfonamides (SAs) used to treat dairy cows are prone to accumulating in milk. Long-term consumption of such milk poses significant health risks that cannot be ignored[7]. Currently, global regulations on antibiotic residues in food are becoming increasingly stringent. China, the European Union, and Canada stipulate that the maximum residue limit (MRL) for total sulfonamides in food of animal origin is 100 μg·kg⁻¹. The United States sets individual MRLs for specific sulfonamides (e.g., 10 μg·kg⁻¹ for sulfadimethoxine in milk). Additionally, China stipulates that the level of sulfadimidine in milk must not exceed 25 μg·kg⁻¹. Against this backdrop, the development of a reliable and sensitive method for the detection of trace levels of sulfonamide drugs is particularly urgent.
Current standards in China include the "National Food Safety Standard: Screening of 127 Drug Residues in Animal-derived Foods by Liquid Chromatography-High-Resolution Mass Spectrometry" (GB 31658.26-2025)[8], "National Food Safety Standard: Determination of Residues of Tetracyclines, Sulfonamides, and Quinolones in Animal-derived Foods by Liquid Chromatography–Tandem Mass Spectrometry" (GB 31658.17-2021)[9], "Determination of Sulfonamide Drug Residues in Exported Food of Animal Origin: Immunoaffinity Column Purification - HPLC and LC-MS/MS Methods" (SN/T 4057-2014), "Determination of Residues of 16 Sulfonamide Drugs in Milk and Milk Powder by Liquid Chromatography-Tandem Mass Spectrometry" (GB/T 22966-2008)[10] and "Determination of Sulfonamide Drug Residues in Food of Animal Origin by Liquid Chromatography-Mass Spectrometry/ Mass Spectrometry) (GB/T 21316-2007)[11], among others, have established clear regulations for the detection of sulfonamide drug (SAs) residues in food of animal origin.The detection of sulfonamide residues in milk is directly related to food safety and public health. This review summarizes sample pretreatment methods and detection techniques, including chromatography, immunoassay, biosensors, and spectroscopy, covering both conventional and emerging strategies. It aims to serve as a reference for research in veterinary drug residue analysis, dairy science, and analytical chemistry. Additionally, the limitations of current technologies and future directions are discussed to provide guidance for subsequent studies.

Literature Search Strategy

PubMed, Web of Science, China National Knowledge Infrastructure (CNKI), and Wanfang Database were systematically searched up to May 2025. The Chinese search string was: ("sulfonamide" OR "sulfonamide drugs") AND ("milk" OR "dairy products") AND ("residue" OR "detection"); the English search string was: ("sulfonamide" OR "sulfa drug") AND ("milk" OR "dairy") AND ("residue*" OR "detection"). Reference lists of the included articles were also manually screened.
Inclusion criteria were: (1) studies on pretreatment or detection techniques for sulfonamide residues in milk or animal-derived foods; (2) original research or reviews; (3) full text available. Exclusion criteria were: (1) non-Chinese or non-English articles; (2) duplicate or incomplete data; (3) irrelevant content (e.g., concerning other veterinary drugs or non-dairy matrices). After duplicate removal, initial screening, and full-text review, 58 references (peer-reviewed articles, regulatory standards, and one book chapter) were finally included.
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Figure 1. Workflow for sulfonamide residue analysis in milk, from sample collection to regulatory decision-making. 

Substances such as fat and protein in milk can interfere with the analysis of target compounds or clog the injection port; therefore, pretreatment is a critical step in the detection of veterinary drug residues in milk. Currently, the main sample preparation methods for veterinary drug residue testing include liquid-liquid extraction (LLE), supercritical fluid extraction (SFE), solid-phase extraction (SPE), solid-phase microextraction (SPME), magnetic solid-phase extraction (MSPE), magnetic solid-phase dispersion extraction (MSPD), and the QuEChERS method[12].The comparison of pretreatment methods for sulfonamide residues in milk is shown in Table 1.

Table 1. Comparison of sample pretreatment methods for the determination of sulfonamide residues in milk
	Method
	Principle
	Advantages
	Disadvantages

	Liquid-Liquid Extraction (LLE)
	Based on difference in partition coefficients between immiscible liquid phases. Sulfonamides are transferred from aqueous to organic phase (e.g., acetonitrile, ethyl acetate) with acidification or salting-out.
	Simple operation, low equipment requirements.
	Emulsion formation in high-fat/protein matrices (e.g., milk) hinders phase separation; high organic solvent consumption (>5 mL per run), environmental burden.

	Supercritical Fluid Extraction (SFE)
	Uses supercritical CO₂ as extractant to penetrate milk fat matrix under high pressure, selectively dissolving lipophilic sulfonamides, then recovered by depressurization or heating.
	No organic solvent residues; high extraction efficiency for lipophilic SAs in fatty matrices; mild conditions prevent degradation of thermolabile compounds.
	High equipment cost.

	Solid-Phase Extraction (SPE)
	Selective retention of target analytes by sorbents for cleanup and enrichment. Traditional sorbents (C18, HLB) and novel ones (MIPs, graphene, carbon nanotubes) enhance specificity.
	High standardization; novel sorbents improve trace analyte capture; automatable (e.g., ASE).
	Traditional MIPs suffer from deeply embedded imprinting sites and slow mass transfer kinetics.

	Solid-Phase Microextraction (SPME)
	Based on partition equilibrium between fiber coating (e.g., PDMS/DVB) and analytes; after enrichment, direct injection by thermal desorption.
	Solvent-free or minimal solvent consumption; simplified operation; suitable for volatile/semi-volatile trace analytes.
	Lipids in fatty matrices may cause competitive adsorption, reducing recovery.

	Magnetic Solid-Phase Extraction (MSPE)
	Magnetic nanoparticles combined with high-adsorption materials (e.g., graphene, MOFs); rapid solid-liquid separation using superparamagnetism.
	Rapid separation (≤30 s), avoiding losses from centrifugation/filtration; sorbent reusable; efficient removal of fats and proteins.
	Requires preparation of magnetic composites; slightly higher initial cost.

	Dispersive Solid-Phase Extraction (MSPD)
	Sample is ground with sorbent (silica, C18) to uniformly distribute analytes; elution integrates extraction and cleanup.
	Strong adsorption of proteins and fats, significantly reducing matrix effects; efficient, suitable for semi-solid or whole milk.
	Grinding may be tedious; limited batch processing capacity.

	QuEChERS Method
	Extraction with acetonitrile, demulsification and dehydration with salts (MgSO₄, NaCl), cleanup with PSA and C18 to remove lipids and organic acids.
	Fast, low-cost, high-throughput; effectively removes common interferences in milk; suitable for simultaneous multi-residue analysis.
	May require optimization of cleanup materials for analytes with large polarity differences.



2.1 Liquid-Liquid Extraction (LLE)

Liquid-liquid extraction (LLE) is a classical separation technique based on differences in solute partition coefficients, which transfers sulfonamide drugs from the aqueous phase to the organic phase through agitation or centrifugation.Common extraction solvents include acetonitrile and ethyl acetate, often supplemented with acidification (to induce ionization of the target compound, as sulfonamides are amphoteric and their ionization increases in acidic media) or the addition of salts (such as sodium sulfate) to induce a salting-out effect and accelerate phase separation[13]. This method is characterized by its simplicity and minimal equipment requirements; however, when processing high-fat, high-protein matrices (such as milk), the formation of a stable emulsion layer at the liquid-liquid interface due to casein and milk fat often leads to difficulties in phase separation. Furthermore, traditional LLE processes typically consume >5 mL of organic solvent, posing a high environmental burden. For example, Li et al.[14] used acetonitrile extraction combined with UHPLC-MS/MS to determine 25 veterinary drug residues in cow’s milk; although they achieved spiked recovery rates of 65.9%–123.5%, the organic solvent consumption per analysis reached 8 mL, limiting the method’s high-throughput application.

2.2 Supercritical Fluid Extraction (SFE)

Supercritical fluid extraction (SFE) uses supercritical CO₂ as the primary extractant. Under high-pressure conditions, it penetrates the milk fat matrix and selectively dissolves fat-soluble sulfonamide drugs (SAs), after which the target compounds are eluted by reducing pressure or increasing temperature. Sulfonamides are polar compounds; therefore, to improve their extraction efficiency using supercritical CO₂, a polar co‑solvent (e.g., methanol) is necessary. Such modifiers increase the solvent polarity and enhance the recovery of polar sulfonamides. This method effectively avoids organic solvent residues, offers high extraction efficiency for fat-soluble SAs in high-fat matrices, and operates under mild conditions that are unlikely to cause degradation of heat-sensitive components[15]; however, it involves high equipment investment costs.
2.3 Solid-Phase Extraction (SPE)

Solid-phase extraction (SPE) is a standardized sample preparation technique that achieves purification and enrichment through the selective retention of target compounds by adsorbents; improvements in its performance primarily depend on the functionalization design of the adsorbents[16]. Early approaches relied primarily on traditional packing materials such as C18-bonded silica and hydrophilic-lipophilic balance (HLB) polymers. Subsequent developments in novel adsorbents—including molecularly imprinted polymers (MIPs), graphene-based materials, carbon nanotubes, and magnetic nanocomposites[17]—have significantly enhanced the ability to specifically capture trace-level targets in complex matrices. However, traditional MIPs still suffer from inherent limitations such as deep embedding of imprinted sites and slow mass transfer kinetics[18]. Furthermore, accelerated solvent extraction (ASE), as an automated extension of SPE, enhances solvent penetration efficiency under high-temperature (50–200 °C) and high-pressure (10.3–20.6 MPa) conditions, offering significant extraction advantages for high-fat samples.
2.4 Solid-Phase Microextraction (SPME) 
Solid-phase microextraction (SPME) effectively overcomes the limitations of traditional sample preparation techniques by significantly reducing organic solvent consumption and simplifying the operational process[12]. This method relies on the partition equilibrium between fiber coatings (such as PDMS/DVB) and target compounds. Although most sulfonamides are polar and non‑volatile and are more commonly analyzed by LC‑based methods, SPME can still be applied after derivatization or coupled with LC. The solvent‑free nature of SPME offers advantages in reducing matrix interference.Its solvent-free nature offers significant advantages for the trace detection of volatile metabolites or low-concentration sulfonamide drugs (SAs) in milk; however, lipid components in high-fat matrices may cause competitive adsorption, leading to reduced recovery rates of target compounds[15]. In such cases, selectivity can be improved by extending the equilibration time or optimizing the polarity of the coating[19]. 
2.5 Magnetic Solid-Phase Extraction (MSPE)
Magnetic solid-phase extraction (MSPE), as a novel sample preparation technique, demonstrates significant advantages when handling complex matrices such as high-fat milk. This method combines magnetic nanoparticles with highly adsorbent materials (such as graphene and metal-organic frameworks) to preserve the adsorbent’s high specific surface area and selectivity. By utilizing superparamagnetism to achieve rapid solid-liquid separation, it effectively prevents the loss of target analytes during centrifugation and filtration[21-23]. The composite adsorbent is reusable and possesses the ability to specifically remove interfering components such as proteins and fats, significantly improving sample purification efficiency.
Nanomaterials such as graphene oxide (GO) and carbon nanotubes (CNTs), which are based on carbon frameworks, possess large specific surface areas and excellent adsorption properties, enabling the efficient enrichment and rapid separation of target analytes in MSPE systems. A typical application is chitosan-coated magnetic nanocomposites, which achieve an adsorption efficiency of over 92% for target analytes in whole milk, with a magnetic separation time of ≤30 seconds and high biosafety[24-25]. Graphene oxide nanoribbons (GONRs) derived from carbon nanotubes possess abundant oxygen-containing functional groups, such as carboxyl and hydroxyl groups, distributed along their edges, which endows them with superior hydrophilicity, dispersibility, and adsorption kinetics[26]. Based on this, ZHANG et al.[27] prepared a magnetic adsorbent by compositing Fe₃O₄ with GONRs, successfully extracting five sulfonamide drug residues from milk (recovery rates ranging from 79.6% to 114.6%). Combined with high-performance liquid chromatography (HPLC) analysis, this approach enabled the precise detection of trace target analytes in complex matrices.
2.6 Dispersive Solid-Phase Extraction (MSPD) and the QuEChERS Method
The dispersive solid-phase extraction (MSPD) method involves grinding and mixing milk samples with adsorbents such as silica gel or C18 to ensure that sulfonamide drugs (SAs) are uniformly distributed across the adsorbent surface. The samples are then eluted with solvents such as acetonitrile, thereby integrating the extraction and purification steps. This technique exhibits strong adsorption capacity for protein and fat components in milk, significantly reducing matrix effects. It is highly efficient and suitable for high-throughput screening, particularly for semi-skimmed or whole milk samples[28].
The QuEChERS method is based on the principle of dispersed solid-phase extraction. Acetonitrile is added to milk to extract target compounds, supplemented by salts (such as MgSO₄ and NaCl) for demulsification and dehydration, followed by the use of purification materials such as PSA and C18 to remove lipid and organic acid interferences, thereby integrating the extraction and purification processes. This method offers the advantages of speed, low cost, and high throughput, and can effectively eliminate common interferences in milk, such as lipids, proteins, and pigments. It has become the standard method for routine detection of veterinary drug residues and multi-residue screening, and is particularly suitable for the simultaneous analysis of multiple drugs in complex matrices such as milk[29-30].MSPD involves grinding the sample with a solid support, dSPE adds sorbent to the extract for cleanup, MSPE employs magnetic nanoparticles for rapid magnetic separation, and QuEChERS combines salting‑out extraction with dispersive cleanup.

3. Techniques for Detecting Sulfonamide Drug Residues in Milk

The detection systems for sulfonamide drug residues in milk primarily encompass three major categories of methods: chromatographic analysis, immunoassays, and spectroscopic techniques. Among these, chromatographic methods (such as high-performance liquid chromatography and liquid chromatography–tandem mass spectrometry) have become standardized detection methods due to their high separation efficiency and ability to confirm compound structures; The introduction of isotopic internal standards can effectively compensate for matrix interference. Immunoassay methods (including enzyme-linked immunosorbent assay, immunochromatography, and biosensors) are based on the principle of antigen-antibody specific recognition and are suitable for rapid on-site screening. Furthermore, spectroscopic techniques (such as surface-enhanced Raman spectroscopy), with their high sensitivity, non-destructive nature, and ease of operation, are gradually expanding their applications in the field of veterinary drug residue monitoring.The advantages and application fields of common detection techniques for sulfonamides are shown in Table 2.

Table 2 Comparison of Detection Methods and Validation Parameters for Sulfonamides in Milk
	Technology
	Limit of Detection (LOD)
	Recovery (%)
	Relative Standard Deviation (RSD, %)
	Throughput (samples/day)
	Advantages
	Disadvantages
	Application Type

	HPLC‑UV
	4–10 μg/kg
	61–98
	1.6–10
	20–40
	Low cost, multi‑residue detection
	Limited resolution, complicated sample pretreatment
	Confirmatory

	LC‑MS/MS
	0.05–0.10 μg/kg
	70–119
	<10
	50–100
	High sensitivity, structural confirmation
	High instrument cost, professional operation required
	Confirmatory

	ELISA
	IC₁₀ = 0.274 ng/mL
	98–101
	<5
	>100
	Rapid, high‑throughput, portable
	False‑positive results, semi‑quantitative
	Screening

	LFIA
	1 μg/L
	90–110
	10–15
	>200
	Ultra‑rapid, ultra‑low cost, on‑site detection
	Poor quantitative capability
	Screening

	Biosensor
	0.06 ng/mL
	85–98
	<5
	40–80
	Real‑time detection, high sensitivity
	Stability needs improvement
	Screening (potential)

	SERS
	5 ng/kg
	85–102
	2.3–7.9
	20–30
	Ultra‑high sensitivity, fingerprint identification
	Strict requirements for substrate preparation
	Screening (potential)



3.1 High-Performance Liquid Chromatography (HPLC)
In high-performance liquid chromatography (HPLC), the mobile phase consists of a liquid; a high-pressure pump system forces a mixture of solvents or buffers of varying polarities through a stationary-phase column[57、58]. Sample components migrate at different rates due to differences in their interactions with the stationary phase, and qualitative and quantitative analysis is achieved by converting the signals detected by the detector[31]. For sulfonamide drugs, their increased ionization in acidic solutions can significantly enhance extraction efficiency[32]; acetonitrile is often selected as the extraction solvent because it precipitates proteins and reduces interference from co-extracts[33]. This method offers advantages such as high sensitivity, excellent separation performance, and strong temperature tolerance in the analysis of milk matrices[34]; furthermore, operation under low-temperature conditions prevents the decomposition of thermally unstable drugs such as sulfonamides. HPLC has broad applicability, allowing for the simultaneous determination of multiple components, and offers higher separation efficiency and shorter analysis cycles compared to classical liquid chromatography methods[35].
However, this technique has limitations: the sample preparation process is complex, typically involving steps such as n-hexane degreasing and purification using an MCX solid-phase extraction column, making it significantly time-consuming; the UV detector has limited ability to distinguish between structurally similar compounds, and the qualitative identification of trace components in complex matrices relies on comparison with standard samples[6]. Ning Duohua et al.[36] employed an ethyl acetate extraction–hexane degreasing–hydrochloric acid solvent conversion–MCX column purification procedure to establish an HPLC-UV method for the determination of eight sulfonamide drugs. Within a linear range of 0.03–0.50 μg/mL (r > 0.99), the detection limit reached 10 μg/kg, with recovery rates ranging from 61.0% to 95.4%. When Zhao Yin et al.[37] detected 22 types of sulfonamide residues, the method had a detection limit of 4 μg/kg and a recovery rate of 86.7%–98.2% (RSD 1.6%–8.4%). The ultra-high-performance liquid chromatography (UPLC) method established by Gao Na et al.[38] employed methanol-0.5% formic acid extraction followed by purification on an HLB column, with elution using 0.1% formic acid in water/ acetonitrile, and at spiking levels of 10–50 μg/kg, recovery rates ranged from 67.2% to 81.2% (RSD ≤ 4.1%, n = 6). This method offers high sensitivity and good reproducibility and is suitable for routine testing of milk.
3.2 Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)
In the analysis of trace components in complex matrices, liquid chromatography-tandem mass spectrometry (LC-MS/MS) offers superior selectivity and sensitivity. It provides more comprehensive fragment ion information than conventional LC-MS, significantly enhancing the reliability of qualitative and quantitative results[39]. When detecting sulfonamide drugs, the addition of formic acid to the mobile phase improves ionization efficiency and optimizes peak shape; the introduction of trace amounts of ammonium acetate balances the ionization rates of sulfonamide drugs with different polarities[40]. Polar groups in the molecules of these compounds, such as the amino group (-NH₂) and the sulfonyl group (-SO₂-NH₂), readily form [M+H]⁺ ions in the positive ion mode of an electrospray ionization (ESI) source. This mode not only enhances the response signal of polar compounds but also effectively suppresses matrix interference, thereby improving detection sensitivity.
Liu Chujun et al.[41] employed liquid chromatography–quadrupole linear ion trap mass spectrometry (LC-QIT-MS) to determine residues of sulfonamides and quinolones in milk. By combining the mass screening capabilities of the quadrupole with the multi-stage fragmentation capabilities of the linear ion trap, and using only liquid–liquid extraction for sample preparation, they simplified the operational workflow while lowering the technical barrier, Spiked recovery rates ranged from 77.4% to 119.4%. By optimizing ion source parameters and collision energies, the fragment ion abundance of sulfonamide drugs could be further enhanced, yielding significant improvements in background interference suppression, characteristic ion resolution, and method sensitivity.
LC-MS/MS technology offers multiple advantages for the detection of veterinary drug residues in food of animal origin: it enables the simultaneous identification of multiple components in complex matrices, effectively distinguishes structural isomers with high resolution[42], covers a wide dynamic range from trace to high concentrations of residues, and has sufficient throughput to handle large sample volumes. However, its limitations include high instrument acquisition and maintenance costs, as well as the need for specialized personnel to operate the equipment; the sample preparation process is cumbersome, and matrix interference may affect accuracy. The simultaneous detection method for 35 antibiotics established by Wang Hao et al.[43] was applied to the analysis of commercially available dairy products; although it is cost-effective and rapid, there is still room for improvement in its performance. Zhang Pingping et al.[44] reported limits of quantification (LODs) of 8.44–38.66 μg/kg, 5.47–37.84 μg/kg, and 1.31–8.53 μg/kg in milk, pork stomach, and grass carp matrices, respectively, with spiked recovery rates of 60%–120% (RSD < 10%). Jia Caixia et al.[45] established a method for the detection of 18 sulfonamides in beef based on solid-phase extraction, with a detection limit of 2 μg/kg (quantification limit 10 μg/kg) and recovery rates ranging from 64.9% to 105.0%. Wu Xianglun et al.[46] developed a method for detecting 22 sulfonamides using QuEChERS pretreatment, with detection limits ranging from 0.11 to 1.66 μg/kg and recovery rates ranging from 75.6% to 124.0%. The above studies confirm that LC-MS/MS technology is well-suited for the detection of sulfonamide residues in dairy products.
3.3 Enzyme-Linked Immunosorbent Assay (ELISA)
The enzyme-linked immunosorbent assay (ELISA) utilizes the specific binding between antigens and antibodies; through enzyme-labeling technology, it catalyzes a colorimetric reaction of the substrate to achieve quantitative determination of the target substance.[47] This method offers advantages such as ease of operation, high throughput, and simple sample preparation, making it suitable for rapid initial screening of large-scale samples. Compared to high-performance liquid chromatography-tandem mass spectrometry (LC-MS/MS), ELISA has limited sensitivity, making it difficult to achieve precise quantification of antibiotics, and may result in false-positive results due to antibody cross-reactivity.
This method demonstrates stable reproducibility and is easily scalable for application in primary-level laboratories; it has been successfully applied to the detection of chloramphenicol, sulfonamide, and anabolic steroid drugs in matrices such as pig liver and beef liver. Zhang Yuchao et al.[48] prepared monoclonal antibodies using sulfamethoxypyridazine as a hapten and developed an indirect competitive ELISA method with direct hapten coating; this method demonstrated significantly higher sensitivity than the traditional manual antigen coating method, with spiked recovery rates ranging from 98.34% to 101.28%.
3.4 Immunoassay (LFIA)
The immunoassay (LFIA) is based on a mechanism that combines immunological recognition with chromatographic separation, enabling the rapid detection of veterinary drug residues such as sulfonamides, tetracyclines, and macrolides in milk. This method is simple to operate and cost-effective, making it suitable for on-site preliminary screening of large-scale samples[49]. However, its sensitivity is relatively limited, making it difficult to achieve accurate quantification of antibiotics; simultaneously, due to antibody specificity, the detection range is closely related to antibody availability. Complex matrices may induce nonspecific binding, leading to an increased risk of false positives[49].
Zhang Jiayi et al.[50] utilized the principle of competitive immunoassay, employing colloidal gold as a labeled probe, to establish a method for the rapid detection of sulfamethoxazole residues in pork and milk. This method has a detection limit of 1 μg/L and exhibits good consistency with the results of high-performance liquid chromatography (R² > 0.98). Jia Xianchun[51] et al. successfully developed a colloidal gold immunoassay method by optimizing pH, immunoreagent ratios, and surfactant concentration. This method enables high-throughput detection of eight sulfonamide drugs. It requires no instrumentation, completes analysis within 15 minutes, and has a detection limit compliant with China’s veterinary drug residue limits (sensitivity ≥97%, false positive rate ≤ 2%, false negative rate ≤ 3%).
3.5 Biosensor Methods
As miniaturized analytical systems that integrate biological recognition elements with physical signal transducers, biosensors hold great potential for the multi-component detection of food and veterinary drug residues[52]. In recent years, detection technologies based on nucleic acid aptamers have advanced significantly, primarily encompassing fluorescent, colorimetric, and electrochemical sensing strategies. Yan et al.[53] developed a label-free fluorescent sensor based on an ofloxacin aptamer–gold nanoparticle–rhodamine B system, achieving drug quantification through the fluorescence quenching effect. This method offers the advantages of simple operation, low cost, and rapid response (<10 min). While such sensors perform well in terms of real-time analysis, high sensitivity, and high selectivity, their application in the field of veterinary drug residues still needs to be expanded, and standardization and industrialization require further improvement[54].
3.6 Spectroscopic Techniques
Surface-enhanced Raman spectroscopy (SERS) is based on the plasmonic resonance effect generated when molecules adsorb onto nanoscale noble metal substrates (such as gold or silver). This effect can enhance the Raman scattering signal by a factor of 10⁶ to 10¹⁴, enabling the specific identification of molecular vibrational fingerprints. This technique has evolved into a highly efficient tool for the qualitative and quantitative analysis of food contaminants[55]. Strategies combining SERS with novel materials have significantly enhanced the detection efficiency of veterinary drug residues in food of animal origin[56].
In the field of antibiotic screening in dairy products, mid-infrared spectroscopy enables trace detection by analyzing the vibrational absorption peaks of characteristic functional groups. 
[bookmark: _GoBack]3.7 Critical Synthesis Discussion
Based on the technical characteristics listed in Table 2, combined with the performance indicators extracted from the literature (see Supplementary Table S1 for details), the differences among the methods are mainly reflected in the following aspects:Sensitivity and quantification capability: LC‑MS/MS offers the lowest detection limit (0.10 μg/kg), a wide linear range (0.1–100 μg/kg), stable recoveries (70–119%), RSD typically <10%, and manageable matrix effects. HPLC‑UV has lower sensitivity (4–10 μg/kg) and insufficient resolution for sulfonamide congeners. ELISA and LFIA are semi‑quantitative, with relatively high RSD (up to 15% for LFIA).Sample pretreatment: Chromatographic methods require complex clean‑up (SPE, QuEChERS), sample volumes of 2–10 mL, and processing time >60 min; immunoassays need no pretreatment or only simple dilution, with sample volumes <1 mL.Throughput and cost: LFIA has a throughput of >200 samples/day and very low cost; LC‑MS/MS has a throughput of 50–100 samples/day and high instrument cost (>50,000 USD).Portability and on‑site applicability: ELISA, LFIA, and mid‑infrared spectroscopy are portable and suitable for on‑site screening; chromatographic methods and SERS rely on laboratory equipment.Screening vs. confirmation: LC‑MS/MS and HPLC are suitable for confirmation (meeting regulatory requirements for structural identification); immunoassays and spectroscopic techniques are suitable for rapid screening, with positive results requiring confirmation.In summary, no single method can meet all requirements. A tiered strategy is recommended: on‑site/high‑throughput screening (LFIA/ELISA) → laboratory confirmation of positive samples (LC‑MS/MS).The maximum residue limits and confirmatory requirements for sulfonamides in different regions are shown in Table 3.
3.8 Method Validation Considerations
Reliable detection of sulfonamide residues in milk requires rigorous method validation following regulatory guidelines. For screening methods (e.g., ELISA, LFIA), a screening target concentration (STC) should be set at or below the MRL (100 μg/kg). Samples exceeding the STC are considered presumptive positive and require confirmation. Decision limits (CCα) account for measurement uncertainty at the MRL.Confirmatory methods (e.g., LC‑MS/MS) must demonstrate specificity (e.g., two product ions with correct ion ratio), selectivity (absence of interfering signals in blank matrix), and employ isotope‑labelled internal standards (e.g., sulfamethazine‑¹³C₆) to compensate for matrix effects. Matrix‑matched calibration is essential for both screening and confirmatory assays to correct signal suppression or enhancement.Validation parameters should include recovery (recommended 70–120%), precision (RSD <20% for intra‑ and inter‑day), robustness (performance under minor variations in pH, temperature, or mobile phase composition), and measurement uncertainty (estimated from validation data). These criteria align with European Commission Decision 2002/657/EC and Chinese standard GB/T 27417‑2017.

Table 3 Maximum Residue Limits and Confirmation Requirements for Sulfonamides in Milk from Different Regions
	Region/Organization
	Maximum Residue Limit (MRL)
	Confirmation Requirements
	Reference Standards/Regulations

	China
	Total sulfonamides: 100 μg/kg; Sulfadimidine: 25 μg/kg
	Confirmation by LC‑MS/MS with MS/MS spectral information required
	GB 31658.17‑2021, GB/T 22966‑2008

	European Union (EU)
	Total sulfonamides: 100 μg/kg
	Compliance of retention time and ion ratios with regulatory requirements
	Regulation (EU) No 37/2010

	United States
	Sulfonamides: 10 μg/kg (e.g., sulfadimidine)
	Confirmatory methods shall meet specified sensitivity
	FDA 21 CFR 556.660

	Canada
	Total sulfonamides: 100 μg/kg
	Confirmation via LC‑MS/MS or equivalent methods
	Health Canada List of MRLs



4. Conclusion

The detection of sulfonamide drug residues in milk is a core component of dairy safety control. A three-tiered technical system has now been established, comprising sample preparation and enrichment, precise instrumental qualitative and quantitative analysis, and rapid screening. Pre-treatment techniques are dominated by solid-phase extraction (SPE), magnetic solid-phase extraction (MSPE), and QuEChERS. Novel adsorbent materials such as metal/covalent organic frameworks (MOFs/COFs) have significantly improved the purification efficiency of milk fat and casein matrices, with MSPE enabling rapid separation of adsorbents within 10 seconds through magnetic response. Among detection techniques, high-performance liquid chromatography (HPLC) remains the standard for routine testing; liquid chromatography–tandem mass spectrometry (LC-MS/MS), with detection limits as low as 0.1 μg/kg, strong matrix tolerance (RSD < 8%), and comprehensive secondary fragment ion information, has become the reference method for confirmatory analysis of trace sulfonamides; Enzyme-linked immunosorbent assay (ELISA) and lateral flow immunoassay (LFIA) are suitable for on-site preliminary screening due to their high-throughput capabilities (>100 samples/day); biosensors and surface-enhanced Raman spectroscopy (SERS) show application potential in terms of real-time response (<10 min).
Traditional chromatographic methods (HPLC and LC‑MS/MS) offer high sensitivity and good selectivity, and can confirm compound structures via fragment ions, making them the gold standard for quantitative analysis of sulfonamide residues. However, they require expensive instruments, skilled operators, and time‑consuming sample pretreatment (>60 min/sample). Biosensors respond quickly (<10 min), are easy to operate, and are suitable for on‑site testing, but most suffer from relatively low sensitivity (except for fluorescence‑ or electrochemical‑based ones), insufficient long‑term stability, and a lack of standardized validation across milk matrices. Chromatographic methods can simultaneously detect multiple residues (detection limit of 0.10 μg/kg for LC‑MS/MS), whereas biosensors are generally limited to single or few analytes due to the specificity of their recognition elements. Matrix interference is a common challenge: chromatography relies on tedious cleanup, while biosensors are prone to false positives in fatty samples. Therefore, chromatographic methods are used for confirmatory and regulatory testing, and biosensors serve as complementary tools for rapid on‑site screening. Future efforts should focus on improving the robustness, multiplexing capability, and matrix compatibility of biosensors.
The current limitations of existing detection methods are concentrated in four areas: 1) Matrix effects require more than three steps of pretreatment for LC-MS/MS; HPLC-UV methods lack sufficient resolution for sulfonamide congeners; and immunoassays carry a 5%–10% risk of false positives; 2) High-end equipment (such as LC-MS/MS) is expensive to purchase, and HPLC pretreatment for a single sample takes more than 60 minutes; 3) Liquid-liquid extraction emulsification rates exceed 25%, and immunochromatographic methods have poor quantitative capabilities (RSD > 15%); 4) Laboratory analysis cycles exceed 24 hours, and detection limits for on-site rapid testing technologies are often higher than 10 μg/kg.

5. Outlook

Future research should focus on three key directions: 1) Developing MOFs/COFs composite adsorbents to enhance the selectivity for sulfonamide drugs; 2) Constructing a portable platform integrating microfluidics and SERS technology to achieve end-to-end testing—from sample input to result output—within 15 minutes; 3) Establishing a standardized system covering the entire chain from sampling to analysis, and creating a multinational database of maximum residue limits. With innovations in nanotechnology, detection systems are evolving toward greater efficiency, intelligence, and portability, requiring collaboration among industry, academia, and research institutions to advance technology transfer and dynamic updates to standards.
With advancements in materials science and engineering technology, the detection of sulfonamide drug residues in milk is becoming increasingly efficient, accurate, and user-friendly. Achieving this goal relies on continuous breakthroughs by researchers in fundamental areas such as adsorption media and sensor recognition, as well as collaborative efforts among regulatory authorities, manufacturers, and testing laboratories. Only through such concerted efforts can food safety risk monitoring be truly supported, and the quality and safety of dairy products—as well as public health—be better safeguarded.
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Figure 1. Distribution of published papers on sulfonamide detection techniques in milk matrices during the review period
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