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Abstract


Deep eutectic solvents (DESs) have attracted significant attention as eco-friendly and sustainable alternatives to conventional, often toxic, organic solvents. They are easy to synthesize, and their tunable physicochemical properties enable their application in microextraction techniques for a wide range of analytes. However, some DESs may exhibit thermal instability, and their high viscosity or solubility can influence the extraction efficiency. Despite these limitations, in recent years, DESs have been successfully used in multiple roles in solid-phase microextraction (SPME). They may be used to functionalize or modify sorbent materials, thereby forming composite sorbents with enhanced performance. Moreover, DESs can be combined with polymers to produce hybrid materials with improved extraction capabilities. Additionally, DESs can act as porogens within SPME sorbents, increasing sorption capacity and, consequently, extraction efficiency. They can also serve as green desorption solvents, replacing traditional volatile organic solvents during the recovery of analytes from sorbent materials. This review synthesizes current knowledge on the implementation of DESs in SPME techniques, critically evaluating their primary advantages and inherent limitations. The novelty of this review lies in the assessment of DES-based SPME through the metrics of greenness and sustainable chemistry. Furthermore, the review identifies research perspectives and priorities to advance DES-based SPME, including: the integration of predictive modeling (COSMO-RS, machine learning) to elucidate DES-analytes interactions; the adoption of 3D printing for the precision fabrication of DES-based sorbents; the standardization of DES-based SPME performance; and the exploration of natural DESs for in vivo SPME in biomedical applications.
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1. Towards an Ecologically Sustainable Approach to Sample Preparation


Sample preparation is considered a crucial and often the most time-consuming stage in the entire analytical procedure. It involves appropriate sample modification to determine the analytes contained therein with the highest possible accuracy and precision using the selected instrumental technique. During the sample preparation stage, it is advisable to eliminate potential interferences. Therefore, sample preparation often involves the modification of a particularly complex matrix and extraction of analytes to dissolve, purify, or preconcentrate samples, which may yield better analytical parameters [1,2].



Another essential aspect is incorporation of green practices into the sample preparation stage, especially during purification or preconcentration of samples. When addressing these challenges, current trends related to the principles of Green Analytical Chemistry (GAC) [3], Green Sample Preparation (GSP) [4], and White Analytical Chemistry (WAC) [5] should be taken into account. It should be emphasized that standard criteria for green analytical methods should include:




	
direct, automated, miniaturized, and multi-analyte approach,



	
minimum sample size and number of samples processed,



	
reduction in the consumption of chemical reagents and waste generation,



	
reduction in threats and risks,



	
increasing work safety and environmental friendliness [6].








Therefore, any new methodological solutions introduced by scientists into analytical procedures, both at the stages of isolation and preconcentration of analytes as well as during final analysis, are focused on the improvement of the parameters influencing the performance of these procedures while taking the principles of GAC, GSP, and WAC into consideration [3,4,5].



Microscale and microextraction techniques undoubtedly meet the requirements for high levels of purification and preconcentration. For years, the trend in sample preparation has been focused on two main directions: liquid phase microextraction (LPME) [7,8] and microextraction techniques based on sorbents, among which solid-phase microextraction (SPME) is the most widely used [9,10]. The selection of an appropriate extraction phase is paramount in microextraction, as the affinity between the sorbent and the analytes governs the overall efficiency of the analytical procedure. Extractants and sorbents should exhibit characteristics relevant to the safety of analysts, such as non-flammability, non-toxicity, safety of use, and biocompatibility. In addition, other features related to material preparation include utilizing ecological synthesis methods, minimizing energy consumption, and developing recyclable or reusable products. Furthermore, to fully align with WAC principles, it is essential to consider preparation costs, scalability, and the use of locally sourced, renewable raw materials [9,11].




2. Sorbent-Based Microextraction Techniques


From an ecological assessment perspective, SPME techniques are more popular than LPME due to the broad range of possibilities to synthesize solid materials and the ability to tailor selectivity towards specific groups of analytes. Sorbents used in microextraction techniques enable the extraction of many compounds through their varied surface functionalities while limiting or even eliminating organic solvents throughout the analytical procedure. The sorption material may be packaged in small devices (e.g., cartridges, syringes, tubes, pipette tips), coated on a support, or dispersed in a sample matrix [9,10,11]. Sorbent-based microextraction techniques can therefore be divided into three main groups (Figure 1) depending on the support-sorbent system:




	(1)

	
techniques based on a support coated sorbent: hollow fiber solid-phase microextraction (HF-SPME), stir bar sorptive extraction (SBSE), thin film solid-phase microextraction (TF-SPME), membrane solid-phase microextraction (M-SPME),




	(2)

	
techniques based on a sorbent-packaged support: micro solid-phase extraction (μSPE), pipette tip solid-phase microextraction (PT-SPME), in tube solid-phase microextraction (IT-SPME), microextraction by packed sorbent (MEPS),




	(3)

	
dispersion techniques: dispersive micro solid-phase extraction (d-μSPE), magnetic dispersive micro solid-phase extraction (M-d-μSPE), matrix solid-phase dispersion (MSPD) [9,10,11].










3. Solid-Phase Microextraction


Solid-phase microextraction (SPME), introduced by Pawliszyn et al. in 1990 [12], remains a milestone of GAC by eliminating the need for organic solvents during sample preparation. SPME is a simple technique which integrates the sampling, preconcentration and extraction in a single stage. The technique has garnered significant attention in the analysis of environmental and biological samples, and in vivo analysis [13,14,15,16,17,18]. From the perspective of GAC and GSP principles, the solvent-free nature of SPME is crucial, as is the minimal use or absence of solvent in the desorption step, along with the possibility of reusing the support–sorbent system after purification and conditioning [13,17]. Over the past three and a half decades, research has focused on enhancing SPME efficiency through the development of novel support geometries and advanced sorbent materials, alongside the integration of automated and miniaturized systems [13,17,19].



3.1. Geometry of Support in SPME


Over the years, many support geometries have been introduced using SPME technology. After the classic fiber, flat support, rods, tubes, and cylinders were proposed [20]. Each new SPME support geometry proposal aimed to increase the sorbent surface area or facilitate repeatable sorbent application, which should ultimately translate into increased analyte extraction efficiency. Among the many possibilities, it is worth paying special attention to the TF-SPME technique [21,22].



The first device for TF-SPME was proposed in 2003 by Bruheim, Liu, and Pawliszyn [21]. The extraction phase consisted of a PDMS membrane mounted on a stainless-steel support. During the sorption process, the membrane was deployed as an unfolded sheet which, in conjunction with the metal rod, assumed a flag-like geometry. The applied modification of the extraction phase shape increased its surface area and volume compared to fiber SPME, thereby improving analyte extraction efficiency. The geometry of the PDMS membrane facilitated its placement onto a metal holder, enabling seamless integration into gas chromatography systems for thermal desorption [23,24]. Comparison of fiber SPME and thin film SPME techniques was presented in Figure 2.



Since then, many modifications have been made, both in the shape of the supports and in the materials from which they are made, i.e., carbon nets, stainless steel mesh or blades, paper, cork, as well as in the automation of the extraction system [21,22,23,24,25,26].



In 2009, Pawliszyn et al. [26] presented an automated solution, which enabled simultaneous extraction of analytes from 96 samples, and the developed TF-SPME device, in which the sorbent was applied to stainless steel plates. This confirmed the practicality of the technique [26]. The suitability of TF-SPME devices for trace level analysis and the possibility to conduct convenient in situ sampling make it competitive with fiber SPME [20,22,24,27].



In tube solid-phase microextraction (IT-SPME) was introduced to streamline the integration of SPME with liquid chromatography while addressing the inherent flaws of traditional fiber-based methods. Unlike standard SPME fibers, which often suffer from mechanical fragility, poor efficiency, and coating degradation, IT-SPME utilizes a fused silica capillary as the extraction tool. To enhance performance, advanced capillary designs—such as those featuring rod monoliths or sorbent-filled structures—are frequently employed. This technique operates by passing microliter amounts of a sample through the capillary, where analytes are adsorbed and preconcentrated onto a solid phase prior to determination [2,28,29].



Hollow fiber solid-phase microextraction (HF-SPME) utilizes a porous hollow fiber membrane to concentrate analytes from complex samples [2,30,31]. In the three-phase configuration—also referred to as hollow fiber solid–liquid phase microextraction (HF-SLPME)—the sorbent is impregnated within the pores of fibers using a compatible organic solvent. The process involves a donor phase (aqueous sample), a sorbent phase (the membrane), and an aqueous acceptor phase (buffer), allowing for direct enrichment without a dedicated desorption step. Conversely, in the two-phase setup, the sorbent is applied as a coating on the surface of fibers. HF-SPME is a highly effective technique due to its ability to handle intricate matrices while providing superior enrichment factors [30,31].



The geometry of the SPME support is vital for extraction efficiency, mainly because it allows the sorbent surface to develop and improves the contact between the SPME system and the measuring device.




3.2. Development of Sorbents in SPME


From the perspective of GAC, GSP, or WAC principles, the sorbent should be effective in subsequent extraction/desorption cycles to minimize waste generation, except for single-shot extraction, which is limited by the capabilities of devices. The selectivity of many sorbents can be increased by modifying their original structure with additional functional groups, which may convert them into more versatile sorption materials across different extraction variants and improve their effectiveness towards analytes of varying polarity [2,11,32].



Sorbents should be characterized by high selectivity, superior sorption capacity, and robust mechanical, thermal, and chemical stability. Because extraction efficiency and kinetics depend directly on the affinity of analytes for the sorbent, precise material selection is critical. Recent advancements in materials chemistry have introduced diverse classes of materials to microextraction techniques, characterized by high specific surface areas, excellent wettability, ease of functionalization, and the presence of appropriate chemical groups [32,33,34].



Sorption materials currently used for miniaturized sample preparation techniques can be divided into the following groups:




	(1)

	
Commercial polymers, including polydimethylsiloxane (PDMS), a mixture of polydimethylsiloxane and divinylbenzene (PDMS/DVB), a mixture of polydimethylsiloxane and carboxyl (PDMS/CAR), polyacrylonitrile (PAN) [35].




	(2)

	
Biopolymers, including cellulose, agarose, and chitosan [36,37].




	(3)

	
Conductive polymers, e.g., polyaniline (PANI) and polyphenylenevinylene (PPV), polypyrrole (PPy), polyethylene dioxythiophene (PEDOT) [38,39].




	(4)

	
Metal–organic frameworks (MOFs) are porous crystalline polymers composed of metal cations or secondary building units (SBUs) integrated into a network. SBUs are polynuclear metal clusters where coordination bonds link metal ions with organic functional groups, such as carboxylates [40,41].




	(5)

	
Molecularly imprinted polymers (MIPs), i.e., biomimetic materials that possess “imprints” of their molecular matrices, due to which they can selectively bind specific analytes. MIPs are formed by polymerizing monomers around a standard molecule, which is then removed, leaving specific voids [42,43,44].




	(6)

	
Carbon nanomaterials (CNMs) comprise a group of different allotropic carbon structures, which include graphene (G) or carbon nanotubes (CNTs) [45,46,47],




	(7)

	
Ionic liquids (IL) and polymeric ionic liquids (PILs) [48,49],




	(8)

	
Hydrophilic-lipophilic balance (HLB) particles, i.e., molecules that include both a water-attracting (hydrophilic) part and a fat-attracting (lipophilic) part [50],




	(9)

	
Combined materials: e.g., magnetic nanoparticles with one or more of the materials mentioned above (Figure 3).









Sorbents used in SPME, although widely used, may exhibit limited analyte selectivity, limited reusability and lack biodegradability. These limitations prompt scientists to search for new, more effective and environmentally friendly sorbents, and recently these are increasingly often sorbents based on DESs.





4. Deep Eutectic Solvents—Definition and Properties


Deep eutectic solvents (DESs) were pioneered by Abbott et al. in 2003 [51,52]. These substances are defined as eutectic mixtures composed of at least one hydrogen bond acceptor (HBA) and one hydrogen bond donor (HBD). The formation of hydrogen bonds is a critical factor in the synthesis of these mixtures, as it directly influences the achievement of the eutectic point [52].



Hydrogen bond donors are most often carboxylic acids, amines, alcohols, and carbohydrates. However, ammonium and imidazolium chlorides and bromides, as well as the most popular one, choline chloride, are used as hydrogen bond acceptors. The virtually infinite design potential of DESs arises from the ability to synthesize them using a vast array of donor-acceptor pairing—s across a diverse range of molar ratios. DESs have properties similar to those of ionic liquids. Still, they can be synthesized much more easily and quickly without the need for purification, and are cheaper, less toxic, non-flammable, and often biodegradable. A defining characteristic of DESs is the significant decreases in the melting point at the eutectic composition relative to the individual precursors. This thermal behavior is primarily driven by the establishment of a hydrogen-bonding network between donor and acceptor [53,54,55,56,57].



The eutectic point determines the state of matter of DESs, and although they occur mainly in the liquid state at room temperature, this does not exclude their solid state of matter. Eutectic diagrams for the liquid and solid eutectic mixture are shown in Figure 4. Such eutectics in these systems enable their use as extraction media, both as extractants and sorbents [55,57].



The concept of ‘natural deep eutectic solvents’ (NADESs) was first proposed by Verpoorte et al. in 2011 [58]. These solvents are characterized as eutectic mixtures formed by HBDs and HBAs derived from primary metabolites found within the cells of living organisms. The most commonly used HBAs are choline chloride (ChCl) and betaine, as well as amino acids and acetylcholine chloride. However, carboxylic acids, including fatty acids, amino acids, or carbohydrates, are used as HBDs. Beyond the standard attributes of DESs, NADESs are distinguished by their superior ecological profile; they are characterized as fully sustainable solvents that are biocompatible and predominantly biodegradable [59,60,61].



For many years, DESs have served as reliable extraction media within the framework of LPME techniques, such as dispersive liquid–liquid microextraction (DLLME), single-drop microextraction (SDME), and hollow fiber liquid-phase microextraction (HF-LPME). They are a green alternative to volatile, often toxic organic extractants and not always green ionic liquids [62]. In sorbent-based microextraction techniques, DESs are not yet widely used, but given their potential for solidification at room temperature, their capability in this context is significant [63].




5. Deep Eutectic Solvents in Approaches to SPME Techniques


Since the debut of the first SPME device, numerous advancements—such as modified geometries, automation, and the development of selective sorbents—have been introduced to enhance extraction efficiency [64,65,66,67]. While DESs are traditionally associated with LPME, their application in solvent-free methods has grown significantly in recent years, where they now serve several vital roles within the SPME techniques. They can be used to functionalize or modify sorption materials, creating a new type of composite sorbent with improved properties. They are also used in combination with nanomaterials or polymers to create hybrid fibers for microextraction. DESs can also act as a porogen, added to the SPME sorbent, to increase its sorption capacity and thus extraction efficiency. In addition, DESs can act as a reaction medium during the synthesis or preparation of the sorbent itself. After extraction, DESs can be used to desorb analytes from sorption materials [68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89]. The main functions of DESs in SPME techniques are shown in Figure 5.



While the application of DESs in SPME is a burgeoning field, they offer significant promise for developing task-specific sorbents tailored to the selective extraction of particular analytes. A comprehensive overview of the scientific literature on the use of DESs in SPME techniques is presented in Table 1 [68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89].



5.1. DESs as Porogens


Zhou et al. [68] introduced one of the pioneering uses of DESs in SPME. Their approach involved the synthesis of a hybrid inorganic-organic monolith that incorporated star-shaped mesoporous silica nanoparticles (SMSNs). Using a binary solvent consisting of a mixture of a deep eutectic solvent and an ionic liquid, a poly(butyl methacrylate and ethylene glycol dimethacrylate) monolith with incorporated SMSNs exhibited a homogeneous structure. A mixture of IL (3-hexyl-1-methylimidazolium tetrafluoroborate, [HMIM]BF4) and DES (choline chloride:ethylene glycol, 1:2), which showed excellent dispersibility for SMSN, was used as a binary porogen. Optimization of the sorbent composition was performed, including SMSN content, cross-linking monomer content, and binary solvent composition. Good extraction efficiency using the new monolith was achieved by preconcentration and determination of polycyclic aromatic hydrocarbons (PAHs) and nonsteroidal anti-inflammatory drugs (NSAIDs) by SPME with capillary electrochromatography (CEC), achieving a precision (as relative standard deviation (RSD)) of less than 3%. Compared to the corresponding SMSN-free monolith, the performance of SPME-CEC improved approximately six-fold [68].



Li et al. [69] introduced a DES (ethyl 4-hydroxybenzoate:methyltrioctylammonium chloride, 2:1) as a functional additive in the sol–gel fabrication of PDMS fiber. The addition of hydrophobic DES yielded a more porous PDMS surface on the fiber, significantly improving the extraction efficiency. The proposed PDMS-DES material was used for the extraction and determination of volatile organic compounds such as toluene, ethylbenzene, and o-xylene by SPME—gas chromatography with flame ionization detector (GC-FID). PDMS-DES fibers showed a 3 times higher analytical signal than a commercial 100 μm thick PDMS fiber coating. From the perspective of the ecological sustainability of the proposed material, it is essential to use it more than 60 times in subsequent SPME cycles [69].



Wang et al. [70] introduced an innovative SPME sorbent based on a thermostable graphene aerogel. This material was synthesized by functionalizing graphene oxide with a NADES (choline chloride:glucose, 1:2). The process yielded a three-dimensional aerogel with significant porosity, which was subsequently utilized as an effective coating for SPME fibers. Under optimized conditions for the SPME-GC-MS/MS method, recoveries in the range of 80–108% were achieved. Precision was in the range of 5.8–20%. The developed method was used to extract and determine polychlorinated naphthalenes (PCNs) in shrimp [70].



A similar solution was the synthesis of a three-dimensional, porous, DES-modified graphene aerogel (3D DES-GA). This material was used as a fiber coating for SPME, enabling repeated use of the fiber with the coating (≥160 uses) and very good precision (RSD 2.4–6.6%) for a single fiber. The developed SPME-GC-MS/MS method enabled high-throughput extraction of PCNs from fish samples, obtaining high enrichment factors ranging from 1225 to 4652. The authors attributed the extraction efficiency of the SPME fiber coated with 3D DES-GA to strong π-π stacking, electrostatic and hydrophobic interactions, and to the addition of DES (choline chloride:urea, 1:2), which increased the porosity of the aerogel [71].



Monnier et al. [72] investigated the use of DESs—both hydrophilic and hydrophobic—as green alternatives to conventional organic solvents like toluene. In their study, a DES (formic acid:L-menthol, 1:1) served as the porogen for creating monolithic SPME fibers based on MIPs. The resulting polymer, synthesized with propazine as a template, methacrylic acid as a monomer, and ethylene glycol dimethacrylate as a crosslinker, proved highly effective for the selective extraction of triazine herbicides from soil. This method achieved relative recoveries between 75.7% and 120.1% [72].




5.2. DESs as Functional Monomers


Zhang et al. [73] developed an organic-inorganic hybrid monolith by integrating titanium dioxide (TiO2) nanotubes with a hydrophilic DESs. The composite matrix (GMA-DESs-EGDMA) was created through in situ polymerization, utilizing glycidyl methacrylate (GMA) and a DES (choline chloride:methacrylic acid, 1:2) as functional monomers. The DES served as a novel hydrophilic component that reduced non-specific protein adsorption while boosting overall adsorption capacity. Furthermore, GMA was included to facilitate easy chemical modifications via its epoxy groups. By combining TiO2—noted for its high surface area and hydroxyl density—with the hydrogen-rich DES, the researchers increased the available hydrogen bonding sites, significantly enhancing the hydrophilicity of materials and extraction kinetics. A synergistic effect between TiO2 and the DES monomer was demonstrated, significantly enhancing the extraction efficiency with the new sorbent. When the DES monomer was added, protein recovery increased by 32%, suggesting that the hydrophilic DES monomer can effectively improve the sorption of target proteins on the resulting monolith. However, with the simultaneous addition of TiO2 and DES, the recovery increased to 98.6% (RSD < 3.1%), representing an improvement of more than 60% and suggesting a synergistic effect. Furthermore, the proposed monolithic column coated with TiO2-poly(GMA-DES-EGDMA) was used to specifically capture proteins from rat liver and then to determine them by HPLC-MS/MS.



The results indicated that the developed monolith was an effective material for isolating the protein species of interest, based on the pI values of the target proteins, and that the monolithic polymer column system could be used up to 24 times [73]. In a study proposed by Wang et al. [74], a novel DES-based monolithic polymer column was developed specifically for IT-SPME. Unlike traditional methods where the sorbent is attached to a support, this approach involved synthesizing the polymer monolith directly inside a polyether ether ketone (PEEK) tube. The inner surface of tubes was first modified with polydopamine to improve adhesion. The monolith itself was created using a DES (choline chloride:itaconic acid, 1:1.5), which functioned as the monomer for the polymerization process. The proposed IT-SPME high-performance liquid chromatography with ultraviolet detection (HPLC-UV) method exhibited nearly 100% extraction efficiency and excellent precision (RSD < 4.3%) for selected NSAIDs in both lake water and human plasma samples. High recovery values and very good precision confirm that the developed method based on monolithic poly(DES-EGDMA) columns can be used to determine NSAIDs even in complex matrices. Furthermore, the authors suggest that by changing the composition of DESs, polymer sorbents can be obtained for the selective extraction of different groups of analytes [74].



Li and Row [75] proposed a ternary deep eutectic solvent (TDES) (choline chloride:3,4-dihydroxybenzoic acid:ethylene glycol, 1:1:2). TDES was employed as both the matrix and functional monomer to develop MIPs. This sorbent was specifically designed for the enrichment and quantification of 3,4-dihydroxybenzoic acid (3,4-DHBA) in Ilex chinensis Sims. By integrating the TDES-MIP into a miniaturized SPME combined with HPLC-UV, the method demonstrated high precision (RSD < 4.2%) and excellent recovery rates between 87% and 102% [75].




5.3. DESs as Substrate to MOFs


Another material based on the combination of DES (choline chloride:ethylene glycol, 2:1) and MIP was proposed by Mirzajani et al. [76]. The authors engineered both hollow and monolithic fibers fabricated based on a metal–organic framework structure incorporating deep eutectic solvents and molecularly imprinted polymers (MOF-DES/MIP). The obtained materials were used to extract phthalate esters by solid-phase microextraction using a protected hollow fiber liquid membrane (HFLMP-SPME), and the extracts were then analyzed by GC-FID. Under optimized conditions, precision (as RSD) was obtained in the range of 2.6–3.4% and recovery was in the range of 95.5–100%. The developed procedure was successfully used to determine phthalate esters in yogurt, water, and edible oil samples. The undoubted advantage of the developed material is its ability to be used more than 80 times [76].



An interesting modification of the SPME technique is multiple monolithic fiber solid -phase microextraction (MMF-SPME), which uses an integrated fiber. For this purpose, a monolithic fiber was synthesized from a MOF-DES/MIP. DES (choline chloride:ethylene glycol, 2:1) was used as a substrate for synthesizing MOFs in the polymer phase of a molecular matrix. Compared to MOF or MIP, the MOF-DES/MIP system is characterized by high efficiency, rapid binding kinetics, and analyte dissociation within the polymer structure, thereby improving the positioning of target analytes and increasing the rate of analyte binding within the polymer. The newly established method proved effective in identifying amphetamine and modafinil derivatives within unauthorized dietary supplements. It demonstrated high reliability, with recovery rates between 95.1% and 104.6% and a precision level (as RSD) consistently under 4.7%. Moreover, the developed sorption material can be used up to 60 times without compromising extraction efficiency [77].



A similar MMF-SPME system was proposed by Kardani et al. [78] using monolithic fibers instead of a single fiber. The authors fabricated MMF using a MOF-DES/MIP. The material was subsequently used to obtain a single thin fiber and then combined five thin fibers to obtain the MMF-SPME system. The developed method was used to enrich and determine 39 antibiotics, including 12 quinolones, 9 tetracyclines, and 18 sulfonamides in meat and dairy products, with recovery rates ranging from 95% to 100% and precision in the range of 2.8–5.6% [78].




5.4. DESs as Sorbent Components


Asghari et al. [79] introduced a sorbent consisting of calcium alginate (CA) aerogel beads modified with DES (choline chloride: polyethylene glycol, 1:1). To increase the efficiency of analyte extraction, the authors ‘encapsulated’ DES in calcium alginate beads. The extraction efficiency of the new sorbent CA/(ChCl:EG, 1:1) was compared with that of unmodified CA. SPME conditions were optimized, including sorbent mass, sample volume, sample pH, extraction time, and desorption time. The proposed sorbent was used in SPME to preconcentrate 5-hydroxymethylfurfural (HMF) from coffee samples, yielding significantly higher recoveries (78.5–102.2%) and precision (2.5–4.7%), which was clearly more advantageous than using the aerogel without DES. Moreover, it can be assumed that the combination of CA and DES aerogel allows for the development of an ecological sorption material, which the authors confirmed by determining the greenness of the developed analytical procedure using the Complex Green Analytical Procedure Index (Complex GAPI) and Analytical Eco-Scale (AES) [79].



A new solution for SPME was also proposed by Karimi et al. [80], who immobilized DES (choline chloride:thiourea, 1:2) on the surface of graphene oxide (GO) nanoplates and then reinforced them inside the pores of the hollow fiber. The resulting hybrid DES/GO material was used in HF-SPME with flame atomic absorption spectrometry (F-AAS) to determine trace amounts of Ag(I) in hair samples, wastewater, and ore achieving good RSD (below 3.5%) and an EF of 200 [80].



Asiabi et al. [81] proposed a composite material for use in electrochemically controlled in tube solid-phase microextraction (EC-IT-SPME). The composite material consisted of polypyrrole and DES (choline chloride:urea, 1:2). The material was synthesized via electrochemical deposition onto the interior surface of a stainless-steel capillary, which functioned as the working electrode. In this setup, the coated capillary acted as the anode for anion exchange, while a platinum electrode served as the cathode for cation exchange. Losartan was extracted from liquid samples by applying a positive potential as the fluid passed through the electrode. Subsequently, the analyte was electrochemically desorbed and quantified using HPLC-UV. Assessments of the composite material demonstrated high extraction efficiency along with excellent mechanical and chemical durability, maintaining stability across a broad pH range (both acidic and alkaline). The material was reused over 450 times without any decrease in extraction efficiency, making it a highly sustainable, efficient, and ecological sorbent. Its extraction capacity was 1.5 times higher compared to the commercial polypyrrole sorbent. Under optimal conditions, losartan was determined with very good precision (as RSD) in the range of 1.9–4.6% [81].



Sorption paper phases may seem like an unusual solution, but they have gained popularity due to the low cost and sustainable nature of the cellulose substrate. However, the durability of the resulting phase may be limited by the type of coating used to isolate the analytes. According to research by Lopez-Ruiz et al., the durability issues typically associated with cellulose-based sorption papers can be addressed by using a DES as a coating. The authors developed a DES (thymol:vanillin, 1:1), which was applied to cellulose strips to create a thin-film extraction phase.



This method was used to isolate triazine herbicides from environmental water samples (well and river water) for subsequent GC-MS analysis. The study reported high accuracy, with relative recoveries between 90% and 106% and precision (RSD) below 14.7%. FT-IR analysis showed that the hydroxyl groups of the cellulose interact with the DES to form a stable, semi-solid phase while preserving the solvent’s core properties. Although the strips are not reusable—as the coating is entirely dissolved during analysis—their biodegradability makes them an eco-friendly and sustainable choice for sample preparation [82].



Werner et al. [83,84,85,86,87] proposed a series of analytical procedures using DES, NADES, and appropriate composite materials, such as DES/PDMS or NADES/waste cork, as sorbents in thin film SPME. The authors designed and synthesized an extensive group of DESs and NADESs that met the definition of eutectic mixtures, i.e., they were formed by combining HBA and HBD, connected by hydrogen bonds, which reduced the melting point (eutectic point), to only 55–69 °C. Therefore, the proposed DESs were solids at room temperature and not liquids, as DESs commonly occur. This provided opportunities to use these compounds as sorbents in solvent-free microextraction techniques. The synthesized solid DESs underwent preliminary screening to evaluate their physical state, solubility in aqueous and organic media, mechanical integrity when supported, and thermal stability.



In the next step, the immersion method was used to deposit a thin film of the obtained solid DESs on a support, which was a stainless-steel mesh, a fiberglass mesh, or a Teflon® mesh cut to repeatable dimensions, which guaranteed obtaining an appropriate and repeatable sorption surface [83,84,85,86,87]. At this stage, it was necessary to test the mechanical strength of the sorbents against the intense shaking required during both the extraction and desorption stages of the analytes. The sorbent filled the meshes of the mesh completely, and the thickness of the sorbent layer was equal to the thickness of the material from which the mesh was made, i.e., from 280 to 400 μm [83].



The study compared two types of DES-based sorbents used for extracting parabens from water samples. Initially, a DES (trihexyltetradecylphosphonium chlorid:1-docosanol, 1:2) was applied to a grid. While this setup provided solid precision (3.6–6.5%) and recovery rates (68.1–91.4%), its durability was low, as it could only be reused three times. To enhance stability, researchers developed a composite material by incorporating the DES into a PDMS using the sol–gel method. This modification maintained the original analytical performance (precision and recovery) while significantly boosting the sorbent’s lifespan, allowing it to be used for up to 10 cycles [84].



A similar solution was to use DES (THTDPCl:DcOH:PDMS, 1:3:0.25), which enabled the preparation of a composite material with a very stable structure. This material was applied in the form of a thin film to a fiberglass mesh and used as a sorbent for the preconcentration and determination of fifteen endocrine disrupting compounds (EDCs) such as methylparaben, ethylparaben, propylparaben, butylparaben, benzylparaben, bisphenol A, bisphenol S, bisphenol F, bisphenol AF, bisphenol E, bisphenol B, triclosan, triclocarban, butylated hydroxyanisole and butylated hydroxytoluene. These analytes were washed from diapers into synthetic urine and then extracted onto DES (THTDPCl:DcOH:PDMS, 1:3:0.25), which was applied as a thin film onto fiberglass meshes, and determined by LC-MS/MS, with a precision of 2.5–10.3% [85].



Following the trend in demand for ecologically sustainable and safe sorbents, subsequent research focused on synthesizing and applying room-temperature solid NADES [86] and NADES/biowaste cork composite materials [87] in analytical procedures. To this end, Werner et al. [86] prepared a series of 14 ecologically balanced, room temperature solid NADESs. They tested the NADESs for the first time by applying them as a thin film to fiberglass meshes. In this method, NADES (acetylcholine chloride:1-docosanol, 1:3) was used as the sorbent. The developed TF-SPME/HPLC-UV method with NADES as the sorbent achieved extraction recoveries ranging from 82% to 96%, with RSDs below 6.1%. The proposed NADES exhibited good mechanical stability, enabling efficient extraction for 16 cycles with a recovery of at least 77%. The ecological aspect of the developed method was assessed using the ComplexMoGAPI protocol and received a score of 85/100. This method was used to determine popular sweeteners and preservatives in flavored waters and functional beverages [86].



The use of biowaste, either directly or in composite systems, is not a new concept [90]. In the approach proposed by Werner et al. [87], a group of six room-temperature solidifying NADES was tested by combining them with a powdered waste plug. Taking into account the extraction efficiency of UV fitters from lake water samples (collected at beaches during the summer and winter seasons), NADES (betaine chloride:1-eicosanol, 1:3), combined with powdered cork at a mass ratio of 15:1, was used to obtain a thin film on a Teflon mesh®. RSD was below 4.6% and extraction recovery was in the range of 84–92% after sample preconcentration. The proposed composite material, NADES (BeCl:EiOH, 1:3) and cork, exhibited good mechanical stability in water and organic solvents, enabling effective extraction of UV filters for at least 10 extraction/desorption cycles [87]. The general scheme of TF-SPME using NADES and NADES-based composite materials as sorbents on mesh supports is shown in Figure 6.



Quintanilla et al. [88] proposed to obtain a thin layer by solvent casting, using cellulose triacetate (CTA) as the polymer and a DES as the sorption phase. Lidocaine, menthol, dodecanoic acid, and camphor were tested as components of a manufactured DES-based thin film. The highest extraction efficiency for organophosphorus pesticides (OPPs) was obtained with a film containing 70% (wt.) CTA and 30% DES (dodecanoic acid:lidocaine, 2:1). The experiment was conducted in two configurations: a suspended film and a pipette tip. The precision was satisfactory, ranging from 3 to 14%, and the proposed material could be used 5 times in extraction/desorption cycles with very good recovery [88].




5.5. DESs as Desorption Media


Another possibility is the use of DESs as effective, ecologically sustainable solvents for analyte desorption before determination. Ghani et al. [89] synthesized a three-dimensional, porous, and highly environmentally friendly coating via the in situ growth of agarose-chitosan nanostructures on a graphene oxide (ACGO) surface. They used it as a sorbent in the TF-SPME technique to extract chlorophenols from agricultural wastewater, honey, and tea samples. The authors used DES (choline chloride:tetraethylammonium chloride, 1:1) as a desorption solvent. Under optimized conditions, RSD ranged from 2.8 to 5.9%. The EF values for the tested analytes were obtained in the range of 33.4–35.8. The prepared agarose-chitosan-graphene oxide with a hydrophilic polymer network and a large GO surface area increases the availability of binding sites. Furthermore, the toxic solvents used in the desorption step have been replaced by non-toxic DES [89].





6. Greenness and Sustainability Metrics


The more steps and reagents involved in an analytical procedure, the less environmentally friendly it can become. Therefore, reducing unnecessary or repetitive steps is crucial for green and sustainable analytical chemistry. Hence, indicators have been developed to quantify the environmental performance of analytical procedures [91]. One of the oldest indicators, proposed in 2002, is the National Environmental Methods Index (NEMI) [92]. The Analytical Eco-Scale serves as a specialized metric that calculates a final score by deducting penalty points from a base of 100 for any non-green parameters [93]. In contrast, the Green Analytical Procedure Index (GAPI) offers a comprehensive evaluation of the entire analytical workflow, encompassing sampling, preparation, reagents, instrumentation, and final analysis. This method utilizes multi-criteria decision analysis to generate a visual profile for each step, represented by a symbol composed of five pentagrams [94]. GAPI has been further improved and, under the name ComplexGAPI, also accounts for the environmental performance of materials and chemicals for the next stage of analysis [95], and ComplexMoGAPI, additionally with a numerical scale from 0 to 100 [96]. Another method for environmental impact assessment is the Analytical GREEnness Metric Approach (AGREE), along with AGREEprep—tools designed to evaluate the greenness. These metrics assess parameters based on the principles of GAC and GSP, providing a score on a scale from 0 to 1. The resulting pictograms for AGREE and AGREEprep visually represent the final ecological performance of the overall analytical procedure and the sample preparation stage, respectively [97].



When using DESs in SPME techniques, scientists often neglect to determine environmental performance using the metrics mentioned above. In several examples of analytical procedures involving a DES-based SPME step, the authors assessed environmental performance using one of the available greenness metrics (see Table 1). The application of DESs yielded high greenness scores, ranging from 70 to 90 out of 100, for the evaluated methods, as assessed using environmental green assessment tools such as ComplexMoGAPI or the Analytical Eco-Scale [79,85,86,87]. Others simply described their use of “green solvent extraction” or called the proposed method ‘environmentally friendly’, without confirming this using the aforementioned greenness metrics.



With sustainability in mind, analytical tools such as the Sample Preparation Metric Sustainability (SPMS) are used to assess miniaturization, low energy consumption, the use of renewable materials, and the potential for fiber reuse [98]. This tool is consistent with both the GAC principles and the Sustainable Development Goals. From a sustainability perspective, essential aspects include mass efficiency, carbon footprint, E-factor (lower solvent volume, less waste), and life-cycle assessment (LCA), which assesses environmental impact from raw material to disposal [19,99]. Evaluating the toxicity and biodegradability of sorbents, energy savings through automation, and the reusability of sorbents used in SPME is also important. Table 2 compares sorbents commonly used in various SPME systems and possible systems with DES additions, focusing on their advantages and disadvantages in the context of GAC and sustainable solutions [32,33,63,64].



The main advantages of using DESs in SPME include high extraction efficiency and selectivity, often superior to conventional solvents. This stems from the ability to design both the properties of DESs and their interactions with analytes. DESs are environmentally friendly (low toxicity/non-toxicity, high biodegradability, especially for DESs of natural origin). DESs are also inexpensive and easy to synthesize with 100% atom savings. A disadvantage of DESs is their high viscosity, which can hinder mass transfer, complicate extraction/desorption, and, in some cases, impede sample separation from the matrix. However, in this case, an appropriate DES design can also reduce their viscosity. Furthermore, the number of commercially available DES-coated supports is currently limited compared to sorbents used in SPME. DESs are presently the subject of interdisciplinary research. Therefore, claims of ‘greenness’ may sometimes be exaggerated due to gaps in data regarding the thermal and mechanical properties and stability of specific DESs [63,64].



DESs can be considered highly sustainable compounds. Many DESs are derived from natural, renewable, and biocompatible components. They are considered a more environmentally friendly alternative to organic solvents due to their low toxicity and high biodegradability. However, a complete life-cycle assessment for some industrial applications suggests that the regeneration process is crucial to their overall sustainability [64,98,99].



The readiness level of DESs in SPME can be described as low to medium (laboratory/research scale). The use of DESs in SPME is an area of active scientific research. Most studies demonstrate successful laboratory-scale applications for specific analyses (e.g., environmental pollutants, food contaminants, drugs in plasma). Although significant potential exists, broad industrial application and widespread commercial availability of DES-based SPME systems remain limited. Further research is needed to scale up the process and standardize commercial applications [99,100,101].



The evaluation of the greenness and sustainability of DES-based SPME should be mandatory, utilizing specialized metrics such as AGREEprep, ComplexMoGAPI, and SPMS. These tools move beyond the general assumption that DESs are inherently ‘green’ by providing a quantitative assessment of their actual environmental impact.



AGREEprep is a specialized metric focused on evaluating the sample prepa-ration stage aim to promote more sustainable laboratory practices in accordance with the principles of GAC and GSP. AGREEprep helps assess environmental impact by identifying the strengths and weaknesses of sample preparation methods, including energy consumption and waste production [97]. Meanwhile, ComplexMoGAPI is particularly valuable for DES-SPME because its hexagonal indicators account for the synthesis of the DES and DES-based sorbents themselves, ensuring the entire reagent lifecycle is considered [96]. SPMS focuses specifically on the extraction process, excluding the detection stage. By prioritizing parameters such as extractant nature, reusability, and extraction time, it is ideal for comparing different microextraction techniques [98].



By assigning specific weights to criteria like reusability and reagent toxicity, these metrics allow researchers to verify whether a DES-based method offers a genuine sustainability advantage over traditional analytical procedures.




7. Future Trends in the Development of DESs-Based SPME


Further research will focus on developing more efficient and stable materials, exploring combinations of materials, and integrating these sorbents into practical, large-scale systems. Although the use of DESs in SPME techniques is not yet widespread, several aspects have the potential to significantly impact the field, providing eco-friendly and sustainable sample preparation solutions (Figure 7).



One of these is the prediction of interactions between DESs and analytes, which relies heavily on computational modeling techniques. These include molecular dynamics (MD) models [102] and the Conductor-like Screening Model for Real Solvents (COSMO-RS) [103,104]. These methods aid in understanding the underlying mechanisms and in designing specific DESs for specific applications, including extraction. MD simulations reveal the relative influence of various forces, such as van der Waals interactions and hydrogen bonds, on the total binding energy. Therefore, they can be used to optimize the molar ratios of DES components for maximum yield, study the structural arrangements of DESs, and predict physical properties such as density and viscosity [102]. COSMO-RS, on the other hand, is a theoretical method used to indicate the selectivity and efficiency of various DESs for target analytes. This method analyzes molecular interactions to guide the DES design process, aiming to improve extraction efficiency based on polarity and molecular volume [104].



Another predictive and design tool is machine learning (ML), which can help unlock the full potential of DESs, moving beyond the slow process of trial and error. ML models analyze complex data to predict key properties (viscosity, conductivity, solubility, etc.), identify optimal HBA-HBD mixtures to determine the best composition for a given application, and even discover new DESs for specific applications, significantly accelerating the development of sustainable chemistry [105,106].



3D printing of sorbents is a relatively new trend in sample preparation. It leverages additive manufacturing to create highly efficient and customized materials [107]. Therefore, 3D printing enables the creation of complex, monolithic structures with designed channel dimensions and hierarchical porosity, as well as improved mass and heat transfer efficiency compared to previously used sorbents. Furthermore, the ability to 3D print SPME sorbents allows for the creation of customized, highly reproducible sorbents and carriers with tailored geometry and chemical properties, offering advantages over previously known carrier/sorbent systems. The ability to design and print a carrier/sorbent system provides improved performance, including high adsorption capacity, rapid kinetics, good cyclic performance, as well as thermal and mechanical stability. Moreover, post-printing processing steps such as carbonization, activation, or functionalization can be applied to improve the sorbent’s properties and stability [107,108,109]. Combining the ability to design DES properties suitable for printing into SPME carriers can significantly improve the environmental sustainability of this process and alleviate existing limitations.



The next step should be standardization of DES-based SPME performance metrics. Standardization includes consistent protocols for sorbent coating preparation, extraction parameters (time, temperature, mixing), assay methods, and validation. SPME standardization often focuses on factors such as fiber stability, mass transfer, reusability, and matrix effects to ensure comparable results. When a broad and diverse group of compounds, such as DESs, is introduced into SPME systems, standardization will undoubtedly be a formidable challenge [110].



NADESs are a subgroup of DESs widely used for the extraction of bioactive compounds from biological and plant samples for in vitro analysis and for pharmaceutical and cosmetic applications. However, research regarding the use of NADESs in vivo has primarily focused on their role as potential drug carriers to enhance the solubility, stability, and bioavailability of poorly soluble natural products. General evaluations of cell culture models have shown low cytotoxicity at selected NADES concentrations, confirming their potential biomedical applications. Considering the above achievements, future trends may focus on the use of NADES-based SPME techniques in both in vitro and in vivo systems, which could contribute to the development of biomedical applications. [111,112].




8. Conclusions


The application of DESs in solid-phase microextraction represents a breakthrough step toward more green, sustainable and tunable analytical chemistry. To fully unlock potential of DESs, the next decade of research must focus on development of covalent attachment strategies or on the use of porous host frameworks (such as MOFs or functionalized biopolymers) will be crucial to overcome the mechanical fragility of DESs coatings. This will ensure that the high reuse cycles (>450) mentioned in the literature become a standard rather than an exception. Moreover, utilizing machine learning and computational chemistry (e.g., COSMO-RS) will allow for the design of DES with optimized viscosity and thermal stability, reducing the current “trial-and-error” approach in DESs synthesis as well as predict interactions between DESs and analytes. Future efforts should also prioritize the compatibility of DES-based sorbents with automated SPME devices and thermal desorption units. Overcoming the challenges of thermal degradation will allow DES to compete directly with commercial fibers, e.g., PDMS.



In summary, while DESs are currently in the “optimization phase,” their chemical diversity provides an almost unlimited possibilities for analysts. By bridging the gap between material science and analytical chemistry, DES-based SPME is poised to become the trend in studies of eco-friendly, biocompatible and sustainable group of materials and development of high-precision and efficient analytical procedures, in the coming years.
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The following abbreviations are used in this manuscript:



	GAC
	Green Analytical Chemistry



	GSP
	Green Sample Preparation



	WAC
	White Analytical Chemistry



	LPME
	Liquid phase microextraction



	SPME
	Solid-phase microextraction



	HF-SPME
	Hollow fiber solid-phase microextraction



	SBSE
	Stir bar sorptive extraction



	TF-SPME
	Thin film solid-phase microextraction



	M-SPME
	Membrane solid-phase microextraction



	μSPE
	Micro solid-phase extraction



	PT-SPME
	Pipette tip solid-phase microextraction



	IT-SPME
	In tube solid-phase microextraction



	MEPS
	Microextraction by packed sorbent



	d-μSPE
	Dispersive micro solid-phase extraction



	M-d-μSPE
	Magnetic dispersive micro solid-phase extraction



	MSPD
	Matrix solid-phase dispersion



	HF-SLPME
	Hollow fiber solid–liquid microextraction



	PDMS
	Polydimethylsiloxane



	DVB
	Divinylbenzene



	CAR
	Carboxyl



	PAN
	Polyacrylonitrile



	PANI
	Polyaniline



	PPV
	Polyphenylenevinylene



	PPy
	Polypyrrole



	PEDOT
	Polyethylene dioxythiophene



	MOFs
	Metal–organic frameworks



	SBUs
	Secondary building blocks



	MIPs
	Molecularly imprinted polymers



	CNMs
	Carbon nanomaterials



	G
	Graphene



	CNTs
	Carbon nanotubes



	IL
	Ionic liquids



	PILs
	Polymeric ionic liquids



	HLB
	Hydrophilic-lipophilic balance



	DESs
	Deep eutectic solvents



	HBD
	Hydrogen bond donor



	HBA
	Hydrogen bond acceptor



	NADESs
	Natural deep eutectic solvents



	ChCl
	Choline chloride



	DLLME
	Dispersive liquid–liquid microextraction



	SDME
	Single-drop microextraction



	HF-LPME
	Hollow fiber liquid phase microextraction



	SMSNs
	Star-shaped mesoporous silica nanoparticles



	PAHs
	Polycyclic aromatic hydrocarbons



	NSAIDs
	Nonsteroidal anti-inflammatory drugs



	CEC
	Capillary electrochromatography



	RSD
	Relative standard deviation



	GC-FID
	Gas chromatography with flame ionization detector



	GC-MS/MS
	Gas chromatography with tandem mass spectrometry



	PCNs
	Polychlorinated naphthalenes



	3D DES-GA
	Three-dimensional deep eutectic solvent modified graphene aerogel



	GMA
	Glycidyl methacrylate



	EGDMA
	Ethylene glycol dimethylacrylate



	HPLC-MS/MS
	High-performance liquid chromatography with tandem mass spectrometry



	PEEK
	Polyether ether ketone



	HPLC-UV
	High-performance liquid chromatography with ultraviolet detection



	TDES
	Ternary deep eutectic solvent



	3,4-DHBA
	3,4-dihydroxybenzoic acid



	HFLMP-SPME
	Solid-phase microextraction using hollow fibers with a liquid membrane-protected



	MMF-SPME
	Multiple monolithic fiber solid-phase microextraction



	CA
	Calcium alginate



	PEG
	Polyethylene glycol



	HMF
	5-hydroxymethylfurfural



	Complex GAPI
	Complex Green Analytical Procedure Index



	AES
	Analytical Eco-Scale



	GO
	Graphene oxide



	F-AAS
	Flame atomic absorption spectrometry



	EC-IT-SPME
	Electrochemically in tube controlled solid-phase microextraction



	GC-MS
	Gas chromatography with mass spectrometry



	THTDPCl
	Trihexyltetradecylphosphonium chloride



	DcOH
	1-docosanol



	EDCs
	Endocrine disrupting compounds



	LC-MS/MS
	Liquid chromatography with tandem mass spectrometry



	ComplexMoGAPI
	Complex modified Green Analytical Procedure Index



	BeCl
	Betaine chloride



	EiOH
	1-eicosanol



	CTA
	Cellulose triacetate



	OPPs
	Organophosphorus pesticides



	ACGO
	Agarose-chitosan nanostructures on a graphene oxide



	EF
	Enrichment factor



	NEMI
	National Environmental Methods Index



	GAPI
	Green Analytical Procedure Index



	AGREE
	Analytical GREEnness Metric Approach



	SPMS
	Sample Preparation Metric Sustainability



	LCA
	Life-cycle assessment



	MD
	Molecular dynamics



	COSMO-RS
	Conductor-like Screening Model for Real Solvents



	ML
	Machine learning
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Figure 1. Types of SPME techniques depending on the support-sorbent system. 
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Figure 2. Comparison of fiber SPME and thin film SPME techniques. 
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Figure 3. Groups of sorptive materials used in miniaturized sample preparation. 
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Figure 4. Eutectic diagrams for liquid (a) and solid (b) eutectic mixture. 
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Figure 5. Functions of DESs in SPME techniques. 
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Figure 6. Scheme of proposed TF-SPME with DES-based sorbents and composite materials. 






Figure 6. Scheme of proposed TF-SPME with DES-based sorbents and composite materials.



[image: Sustainability 18 00402 g006]







[image: Sustainability 18 00402 g007] 





Figure 7. Future trends for using DESs in SPME techniques. 






Figure 7. Future trends for using DESs in SPME techniques.



[image: Sustainability 18 00402 g007]







 





Table 1. Approaches of DESs in SPME techniques.
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	Extraction

Method
	Support
	Coating Material
	DES (HBA:HBD,

Molar Ratio)
	Approach of DES
	Reuse

of Material
	Analytes
	Samples
	Detection
	EF
	RSD

[%]
	Environmental Metrics
	Ref.





	SPME
	Monolithic column
	SMSN/BMA/EGDMA/

DES
	(ChCl:EG, 1:2)
	Porogen
	- *
	PAHs

NSAIDs
	Lake waters
	CEC
	- *
	<3.0
	Not

reported
	[68]



	SPME
	Fiber
	Gel-sol PDMS-DES
	(EP:MTOACl, 2:1)
	Porogen
	>60 times
	Toluene

Ethylbenzene

o-Xylene
	Waters
	GC-FID
	7.6

20.4

17.1
	6.7

4.5

4.2
	Not

reported
	[69]



	SPME
	Fiber
	GA/NADES
	(ChCl:Glu, 1:2)
	Porogen
	- *
	PCNs
	Shrimp
	GC-MS/MS
	410–1553
	5.8–20
	Environmentally friendly method
	[70]



	SPME
	Fiber
	3D DES-GA
	(ChCl:urea, 1:2)
	Porogen
	≥160 times
	PCNs
	Fish
	GC-MS/MS
	1225–4652
	2.4–6.6
	Environmentally friendly sorbent synthesis
	[71]



	SPME
	Monolithic fiber
	DES/MIP
	(FA:menthol, 1:1)
	Porogen
	15 times
	Herbicides
	Soils
	HPLC-DAD
	- *
	- *
	Analytical Eco-Scale

71 out of 100
	[72]



	SPME
	Monolithic column
	TiO2-poly(GMA-DES-EGDMA)
	(ChCl:MAA, 1:2)
	Functional monomer for polymer synthesis
	24 times
	Proteins
	Rat liver
	HPLC-MS/MS
	22–28
	2.2–3.1
	Not

reported
	[73]



	IT-SPME
	Monolithic column
	poly(DES-EGDMA)
	(ChCl:IA, 1:1.5)
	Functional monomer for polymer synthesis
	- *
	NSAIDs
	Plasma,

water
	HPLC-UV
	98–103
	1.9–4.3
	Not

reported
	[74]



	mini-SPME
	Needle of syringe
	TDES-MIP
	(ChCl:3,4-DHBA:EG, 1:1:2)
	Template and functional monomer in MIPs synthesis
	6 times
	3,4-DHBA
	Ilex chinensis

Sims
	HPLC-UV
	- *
	<4.2
	Not

reported
	[75]



	HFLMP-SPME
	Hollow fiber, Monolithic fiber
	MOF-DES/MIP
	(ChCl:EG, 2:1)
	Substrate for MOF
	>80 times
	Phthalate esters
	Yogurt, water,

edible oil
	GC-FID
	441–446
	2.6–3.4
	Not

reported
	[76]



	MMF-SPME
	Monolithic fiber
	MOF-DES/MIP
	(ChCl:EG, 2:1)
	Substrate for MOF
	60 times
	Amphetamines

Modafinil
	Unauthorized medical supplements
	GC-MS
	159–163
	1.0–4.7
	Green extraction solvent
	[77]



	MMF-SPME
	Monolithic fiber
	MOF-DES/MIP
	(ChCl:EG, 2:1)
	Substrate for MOF
	- *
	35 Antibiotics
	Meat, dairy products
	HPLC-UV
	162–193
	2.8–5.6
	Not

reported
	[78]



	SPME
	Aerogel beads
	CA/DES
	(ChCl:PEG, 1:1)
	Sorbent component
	- *
	HMF
	Coffee
	HPLC-UV
	- *
	2.5–4.7
	ComplexGAPI

Analytical Eco-Scale
	[79]



	HF-SPME
	Hollow fiber
	GO/DES
	(ChCl:thiourea, 1:2)
	Sorbent component
	- *
	Ag(I)
	Water, ore,

hair
	FAAS
	200
	3.5
	Environmentally friendly method
	[80]



	EC-IT-SPME
	Capillary tubes
	PPy/DES
	(ChCl:urea, 1:2)
	Sorbent component
	>450 times
	Losartan
	Water, urine, plasma
	HPLC-UV
	- *
	2.4–4.6
	Not

reported
	[81]



	TF-SPME
	paper
	DES
	(thymol:vanillin, 1:1)
	Sorbent
	Not reusable
	Herbicides
	Creek, underground well water
	GC-MS
	- *
	7.4–14.7
	Green extraction solvent
	[82]



	TF-SPME
	Stainless steel mesh
	DES
	(THTDPCl:DcOH, 1:2)
	Sorbent
	3 times
	Parabens
	Lake water, river water
	HPLC-UV
	166–183
	3.6–6.5
	Environmentally friendly method
	[83]



	TF-SPME
	Stainless steel mesh
	Sol–gel PDMS/DES
	(THTDPCl:DcOH, 1:2)
	Sorbent component
	10 times
	Parabens
	Lake water, river water
	HPLC-UV
	174–186
	2.7–4.5
	Not

reported
	[84]



	TF-SPME
	Fiberglass mesh
	PDMS/DES
	(THTDPCl:DcOH, 1:3)
	Sorbent component
	- *
	Parabens, Preservatives
	Diapers
	LC-MS/MS
	- *
	2.5–10.3
	GAPI
	[85]



	TF-SPME
	Fiberglass mesh
	NADES
	(AcChCl:DcOH, 1:3)
	Sorbent
	16 times
	Sweeteners, Preservatives
	Functional beverages, flavored waters
	HPLC-UV
	59–64
	5.7–7.4
	Complex-MoGAPI

84 out of 100
	[86]



	TF-SPME
	Teflon® mesh
	NADES/

biowaste cork
	(BeCl:EiOH, 1:3)
	Sorbent component
	10 times
	Lake waters
	UV filters
	HPLC-UV
	- *
	3.6–7.4
	ComplexMoGAPI

85 out of 100
	[87]



	S-TFME

PT-TFME
	Suspended film

Pipette tip
	CTA/DES
	(DcA:lidocaine, 2:1)
	Sorbent component
	5 times
	Organophosphorus pesticides
	Water
	GC-MS
	- *
	3–14
	Environmentally friendly method
	[88]



	TF-SPME
	film
	ACGO
	(ChCl:TEACl, 1:1)
	Solvent to desorption
	- *
	Chlorophenols
	Agricultural waste water, honey, tea
	GC-MS
	33.4–35.8
	2.8–5.9
	Not

reported
	[89]







*—not given; 3,4-DHBA—3,4-dihydroxybenzoic acid; AcChCl—acetylcholine chloride; ACGO—graphene oxide coated agarose/chitosan; BeCl—betaine chloride; BMA—butyl methacrylate; CA—calcium alginate; CEC—capillary electrochromatography; ChCl—choline chloride; CTA—cellulose triacetate; DAD—diode array detector; DcA—dodecanoic acid; DcOH—1-docosanol; DES—deep eutectic sorbent; EC-IT—electrochemically controlled in tube; EF—enrichment factor; EG—ethylene glycol; EGDMA—ethylene glycol dimethylacrylate; EiOH—1-eicosanol; EP—ethyl 4-hydroxybenzoate; FA—formic acid; FAAS—flame atomic absorption spectroscopy; FID—flame ionization detection; GA—graphene aerogel; GC—gas chromatography; Glu—glucose; GMA—glycidyl methacrylate; GO—graphene oxide; HF—hollow fiber; HFLMP—hollow fiber liquid membrane-protected; HMF—5-hydroxymethylfurfural; HPLC—high-performance liquid chromatography; IA—itaconic acid; LC—liquid chromatography; MAA—methacrylic acid; MIPs—molecularly imprinted polymers; MMA—methylmetacrylate; MMF—multiple monolithic fiber; MOF—metal–organic framework; MS—mass spectrometry; MS/MS—tandem mass spectrometry; NADES—natural deep eutectic solvents; NSAIDs—non-steroidal anti-inflammatory drugs; PAHs—polycyclic aromatic hydrocarbons; PCNs—polychlorinated naphthalenes; PDMS—polydimethylsiloxane; PEG—poly(ethylene glycol); PT—pipette tip; PPy—polypyrrole; RSD—relative standard deviation; SMSN—stellated mesoporous silica nanoparticles; SPME—solid-phase microextraction; TDES—ternary deep eutectic solvent; TEACl—tetraethylammonium chloride; TF—thin-film; THTDPCl—trihexyl(tetradecyl)phosphonium chloride; UV—ultraviolet spectroscopy.













 





Table 2. Comparison of DESs and other sorbents in SPME [33,63,64].
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	Advantages
	Disadvantages





	DESs

in SPME
	
	
Ability to tune properties, such as viscosity, polarity, etc., by changing hydrogen bond donors/acceptors to achieve specific analyte binding.



	
Biodegradable, biocompatible, low-toxicity, often derived from renewable resources.



	
Simple synthesis from inexpensive materials.



	
Suitable for complex matrices, can provide higher selectivity and efficiency.



	
Low vapor pressure, which improves laboratory safety and reduces air pollution.





	
	
Less well-known than conventional sorbents, potentially fewer commercial options initially.



	
May have higher viscosity or lower mechanical strength.



	
May exhibit instability under extreme pH and high-temperature conditions.








	Other sorbents in SPME
	
	
Wide range of commercially available materials with varying polarities (C18, polymers, etc.).



	
Often characterized by excellent structural integrity and surface area (e.g., activated carbon).



	
High performance in many applications.



	
High mechanical strength.





	
	
Some sorbents, such as silica, may be less environmentally friendly; separation with activated carbon can be difficult.



	
Properties are fixed, unlike DES, which limits optimization options.



	
High-quality commercial sorbents and activated carbon can be expensive.
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