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Abstract

Sample preparation is frequently a time-consuming process and can be a major bottleneck
in many analytical techniques that involve some form of modification to a sample so that it
can be analyzed without interference or to increase its sensitivity. As part of the movement
towards “green analytical chemistry”, the reduction in organic solvent usage and toxicity
via alternative solvents compared to those traditionally used in analytical chemistry has
gained increasing interest. Although ionic liquids were thought to have limitations, deep
eutectic solvents (DESs) are being looked at as alternatives to traditional organic solvents in
analytical chemistry because of their ability to produce a “tunable” set of physico-chemical
properties that enable the selective and efficient extraction of a wide variety of analytes
from a very diverse array of matrices. Although deep eutectic solvents have attracted
increasing attention in analytical extraction applications, a systematic comparison of their
performance across various extraction techniques is still lacking. This review fills this gap
by offering a comprehensive and integrated evaluation of DES-based extraction approaches,
emphasizing the interdependence between solvent characteristics, extraction efficiency,
selectivity, and sustainability. The insights presented herein are intended to support the
rational selection of appropriate DES-based extraction strategies for diverse analytical
purposes. Moreover, these findings are expected to contribute to the advancement of
greener, more efficient sample preparation methodologies within the field of green analyti-
cal chemistry. In this review article, we describe several analytical chemistry techniques
that utilize DESs, such as dispersive liquid-liquid microextraction, solid-phase extraction,
ultrasound-assisted extraction, etc., and explain the basic principles and mechanisms be-
hind each technique. Additionally, comparative evaluations are provided to identify the
relative advantages and disadvantages of the techniques mentioned above in terms of
extraction efficiency and selectivity, and speculation regarding future trends and challenges
in DES-based extraction systems will also be included. By integrating recent advances and
comparative performance assessments, this review serves as a reference for researchers
and industry practitioners, fostering innovation and promoting the wider adoption of
sustainable extraction technologies.

Keywords: deep eutectic solvents (DESs); green extraction technologies; tunable solvents;
extraction efficiency; sustainable analytical methodologies

1. Introduction

Sample preparation represents a pivotal stage within the analytical process, encom-
passing a diverse array of operations crucial for sample modification. These procedures are

Sustain. Chem. 2026, 7, 33

https://doi.org/10.3390/suschem7030033


https://crossmark.crossref.org/dialog?doi=10.3390/suschem7030033&domain=pdf&date_stamp=2026-07-07
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/suschem
https://www.mdpi.com
https://orcid.org/0000-0002-5917-780X
https://doi.org/10.3390/suschem7030033

Sustain. Chem. 2026, 7, 33

2 of 32

essential for preparing samples for chromatographic analysis and for improving important
analytical characteristics such as accuracy and precision [1]. In addition, proper sample
preparation helps minimize matrix interferences and enhances analytical sensitivity. In
general, a sample contains two main parts: the target analytes that need to be measured and
the sample matrix, which includes all other components that may interfere with the analysis.
Therefore, sample preparation strategies may focus on isolating the analytes, modifying the
matrix, or applying both approaches simultaneously. The main aim of these procedures is
to achieve sample dissolution, purification, enrichment, or chemical modification in order
to obtain reliable analytical results. In many untargeted analytical studies, particularly
those involving trace-level compounds in complex matrices, sample preparation represents
the most time-consuming and challenging stage and strongly influences both the accuracy
and overall duration of the analytical workflow [2,3].

In recent years, considerable attention has been directed toward replacing traditional
extraction techniques with more environmentally friendly alternatives. This movement is
closely linked to the concepts of green analytical chemistry and the twelve principles pro-
posed by Paul Anastas in 1998, which encourage the design of safer and more sustainable
analytical methods [4], particularly in sample extraction. Green extraction approaches pro-
vide several benefits, including lower cost, faster processing, and reduced environmental
impact in areas such as environmental monitoring, clinical testing, and food analysis.

Efforts to reduce the environmental impact of analytical procedures have mainly
focused on three approaches: lowering solvent use during sample preparation, reducing
the amount and toxicity of chemicals employed during analysis, and developing direct
analytical methods that avoid the use of solvents and reagents whenever possible. As a
result, the search for sustainable solvent systems has become an important research topic
in many scientific and technological fields [5-9].

Among the proposed alternatives, ionic liquids attracted significant interest because
they are organic salts with melting points below 100 °C and can replace volatile organic
solvents. Nevertheless, their practical application has been limited by issues related to
toxicity, biodegradability, stability, and the relatively high cost of preparation [10]. To
overcome these drawbacks, deep eutectic solvents (DESs) were introduced in 2001 as a
more sustainable substitute. DESs are generally easier and less expensive to prepare while
exhibiting physicochemical properties similar to those of ionic liquids [11]. Consequently,
the design of efficient and environmentally sustainable extraction methods has become a
major focus in modern analytical chemistry.

The growing emphasis on green chemistry has encouraged researchers to investigate
new solvent systems that comply with environmental sustainability requirements [12]. In
this regard, deep eutectic solvents (DESs) have gained substantial attention as promising
alternatives with the potential to reduce the environmental impact of extraction processes,
depending on their chemical composition and intended application [13,14]. This review
focuses on the characteristics and uses of DESs in microextraction techniques, highlighting
their remarkable extraction efficiency and analytical performance, which have contributed
to their increasing popularity in scientific research.

Although deep eutectic solvents have been widely explored in various individual
extraction systems, the existing literature is still dispersed, as most reviews are limited
to specific extraction techniques, targeted analyte groups, or select DES formulations. As
a result, a holistic and updated comparison that systematically examines the application
of DESs across different extraction platforms, while linking their physicochemical char-
acteristics to extraction efficiency, selectivity, and environmental sustainability, remains
insufficient. The present review addresses this limitation by presenting a unified compar-
ative analysis of DES-based extraction approaches, covering both traditional and newly
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developed methodologies. Particular attention is given to the interplay between solvent
composition, extraction mechanisms, analytical performance, and green chemistry aspects.
By integrating recent progress and critically evaluating the advantages and limitations
of various DES-assisted systems, this work provides a consolidated perspective on their
role in analytical science. The insights provided are expected to support researchers in the
rational selection of DES-based extraction methods tailored to specific analytical problems
and sample types. In addition, this review contributes to the advancement of more efficient
and environmentally friendly extraction strategies, thereby promoting further development
in sustainable analytical and green chemistry practices.

2. Deep Eutectic Solvents

Deep eutectic solvents (DESs) are a relatively new group of sustainable solvents
formed by mixing two or more components, usually a hydrogen bond acceptor and a
hydrogen bond donor, in a specific molar ratio. Strong hydrogen bond interactions between
these components cause a significant decrease in the melting point, allowing the mixture
to remain liquid at or close to room temperature [15]. DESs have attracted considerable
attention because many formulations exhibit favorable physicochemical characteristics,
such as negligible volatility, non-flammability, and tunable solvent properties [16]. This
tunability provides DESs with excellent solubilizing ability for a broad range of organic,
inorganic, and biological compounds [17]. However, their environmental sustainability,
biodegradability, and toxicity are highly dependent on the nature of the hydrogen bond
donor and acceptor, their molar ratio, and the final formulation.

2.1. Synthesis of Deep Eutectic Solvents

Deep eutectic solvents can be prepared using several simple and cost-effective methods
(Figure 1), and the choice of method mainly depends on the physicochemical nature of
the starting materials. The most commonly used approach is the heating method [18], in
which the hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) are mixed in a
specific molar ratio and heated gently, usually between 50 and 80 °C, under continuous
stirring until a clear and uniform liquid is formed. The formation of this transparent phase
indicates strong hydrogen bond interactions between the components, which lower the
melting point and produce a stable liquid system.

DESs may also be synthesized at room temperature by continuous magnetic stir-
ring [19]. Although this method generally requires a longer preparation time, sometimes
several hours, it is particularly suitable for thermally sensitive compounds because it
avoids exposure to heat. Another common procedure is the evaporation method, where
the HBA and HBD are first dissolved in a volatile solvent such as ethanol, followed by
solvent removal through evaporation to obtain the eutectic mixture [20]. In addition, the
freeze-thaw method has been reported as an effective preparation technique, where re-
peated freezing and thawing cycles improve component mixing and enhance hydrogen
bond formation [21]. Regardless of the preparation route employed, these methods are
generally simple and energy-efficient and may reduce solvent consumption compared with
conventional preparation methods. Nevertheless, the overall sustainability of the resulting
DES depends on its specific formulation.
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Figure 1. Synthetic methods of deep eutectic solvents.
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The classification of deep eutectic solvents is predicated based on the chemical compo-
sition of their constituent elements and the specific intermolecular interactions facilitating
eutectic formation. The classification system proposed by Andrew Abbott and co-workers
in 2004 remains one of the most widely used approaches for categorizing deep eutectic
solvents (DESs) [22]. In this system, DESs are divided into four main types according to
the nature of their components (Table 1), including metal salts, quaternary ammonium or
phosphonium salts, and organic hydrogen bond donors. This classification helps explain
how interactions between hydrogen bond acceptors (HBAs) and hydrogen bond donors
(HBDs) lead to a substantial reduction in the melting point of the mixture.

Table 1. Types of DESs [22].

Type Composition Example Description
Metal chloride + metal Metallic-type DESs; often used
Typel chloride hydrate ZnCla +5nCl in electrodeposition.
Metal chloride + hydrogen Contain an organic donor; lower
Typell bond donor ZnCly + urea toxicity than Type L.
Quaternary ammonium . . ) Most common; widely used in
Type il salt + hydrogen bond donor Choline chloride + glycerol (1:2) green chemistry and extraction.
Type IV Metal chloride + organic AICI, + malonic acid - EXl‘}lblt ionic-organic
interactions; used in catalysis.

compound (HBD)

Type I DESs are composed mainly of metal salts and produce ionic liquid systems
with metallic characteristics, making them useful in electrochemical applications. Type II
DESs consist of a metal salt combined with an HBD, such as urea or another amide-based
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compound, and are generally associated with lower toxicity and versatile solvent properties.
Type III DESs are the most common category and typically contain an organic salt, such
as choline chloride, acting as the HBA together with an organic HBD like glycerol, lactic
acid, or ethylene glycol. Because many Type III DESs are prepared from inexpensive and
naturally derived components, they are frequently explored in green chemistry applications,
although their environmental profile varies depending on composition. Type IV DESs
contain a metal chloride mixed with an organic compound, where strong ionic—organic
interactions dominate, making these systems particularly useful in catalysis and advanced
material synthesis.

Although the classical classification introduced by Andrew Abbott mainly categorizes
deep eutectic solvents according to the general chemical nature of their constituents—such
as metal salts, quaternary ammonium salts, or organic hydrogen bond donors—another
classification approach based on hydrogen bond donors and hydrogen bond acceptors
provides a more detailed understanding of their composition and functionality [23]. This
alternative system focuses on the exact molecular role and origin of each component within
the DES structure.

Abbott’s classification primarily highlights the type of ionic interactions present and
distinguishes metallic DESs from organic ones. In contrast, the HBD/HBA-based system
classifies DESs according to the specific identity of the donor and acceptor species, leading
to categories such as choline-based, ammonium-based, phosphonium-based, metal-salt-
based, and natural DESs (Table 2). This approach demonstrates how the careful selection of
HBD and HBA can strongly affect the physicochemical properties of the solvent, including
viscosity, polarity, conductivity, and biocompatibility.

Table 2. Classification by HBD/HBA categories.

Hydrogen Bond Hydrogen Bond -
Category Acceptor (HBA) Donor (HBD) Example Application
o . . Urea, glycerol, lactic ChCl:urea (1:2), Extraction of metals,
Choline-based DESs Choline chloride acid, ethylene glycol ChCl:glycerol (1:2) phenolics, dyes
Tetraethylammonium
Ammonium-based DESs . chloride, . Carboxylic acids, TEAC:lactic acid .Cataly51§,
trimethylammonium sugars, alcohols bioprocessing
chloride
Tetrabutylphosphonium Alcohols, polyols, Electrochemistry,

Phosphonium-based DESs

TBPB:1,4-butanediol

bromide fatty acids phase separation
. . . Electrodeposition,
Metal-salt-based DESs ZnCl,, FeCls, AlICI; Amides, urea, glycerol FeClj:urea (1:3) extraction of metals
Organic acids, sugars ChCl:glucose (1:1) Food,
Natural DESs (NADES) Choline, betaine & , Sugars, ‘8 el pharmaceuticals,

amino acids betaine:lactic acid (1:1) .
plant extraction

In addition, the HBD/HBA-based classification is particularly useful for describing
biologically derived and sustainable systems, especially natural deep eutectic solvents
(NADESs), which are not easily accommodated within Abbott’s original four-type model.
Therefore, this classification broadens the understanding of DESs by emphasizing their
tunable nature, functional diversity, and growing importance in green chemistry rather
than focusing only on the general chemical category of their components.

3. Applications of DESs in Extraction Techniques

Deep eutectic solvents (DESs) have become increasingly important in modern extrac-
tion science because of their strong solvating ability and tunable physicochemical properties.
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Depending on their formulation, DESs may also offer environmental advantages over con-
ventional organic solvents. As sustainable alternatives to volatile organic solvents, DESs
can improve extraction performance through multiple interactions with analytes, including
hydrogen bonding, ionic interactions, and 7— interactions. Their tunable polarity and
viscosity also allow for selective extraction of a wide variety of substances, ranging from
metal ions and dyes to natural bioactive compounds [24]. As a result, DESs are now widely
applied in both conventional and advanced extraction techniques, where they contribute to
improved selectivity, lower toxicity, and reduced solvent usage. In addition, their low vapor
pressure, non-flammability, and biodegradability make them particularly attractive for
environmentally sustainable extraction processes [25]. This section discusses the theoretical
background and practical applications of DESs in different microextraction techniques,
with particular emphasis on the physicochemical characteristics that make them more
advantageous than conventional organic solvents and, in many cases, even ionic liquids.
Figure 2 illustrates the applications of deep eutectic solvents (DESs) in various microextrac-
tion techniques. In addition, Table 3 summarizes the main extraction techniques that have
been applied in the last two decades using deep eutectic solvents (DESs), natural DESs
(NADES), and hydrophobic DESs (HDES). Each method is briefly described in terms of its
principle, the role of DESs, and main applications.

Solid-Phase Extraction (SPE) Liquid-Liquid Extraction Solidification of Pressurized Liquid Ultrasound-Assisted
and Magnetic SPE (LLE) Floating Organic Drop Extraction (PLE) Extraction (UAE)
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Figure 2. Applications of DESs in extraction techniques.
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Table 3. Summarization of the main extraction techniques using deep eutectic solvents.

Extraction Method

Principle

Role of DESs

Main Applications

Dispersive liquid-liquid
microextraction (DLLME)

A small amount of DES
mixture is injected into the
aqueous sample to form a fine
dispersion, enhancing contact
between solvent and analyte.

DES replaces toxic organic
solvents, offering tunable
polarity and potentially a
more sustainable alternative
to conventional
organic solvents.

Extraction of pesticides,
phthalates, PAHs, and
phenols from water and food
matrices.

Solid-phase extraction and
magnetic solid-phase
extraction (SPE/MSPE)

Analytes are retained on a
solid sorbent (magnetic or
non-magnetic) coated or
modified with DES, then
eluted by mild solvent.

DES acts as a coating or
modifier, enhancing selectivity
and magnetic
separation efficiency.

Heavy metals (Pb, Cd, Hg)
and pesticides from water,
soil, and food.

Liquid-liquid extraction (LLE)

Partition of analytes between
two immiscible liquids; DES
serves as the extraction phase.

DES functions as a
hydrophilic/hydrophobic
medium, improving solubility
and phase separation.

Recovery of metals (Cu, Ni,
Co) from e-waste, batteries,
and wastewaters.

Solidification of floating
organic drop (SFOD)

A small amount of
low-density hydrophobic
solvent is dispersed in the

aqueous sample and solidifies
upon cooling, allowing for
easy collection. When
combined with DES, it
becomes greener and
more selective.

Hydrophobic DES (hDES)
composed of menthol and
fatty acids replaces organic
solvents, enhancing extraction
through hydrogen bonding
and hydrophobic interactions
while reducing toxicity.

Used for extracting heavy
metals (Pb, Cd, Hg), organic
pollutants, and pesticides
analyzed by FAAS, ICP-OES,
or ICP-MS.

Pressurized liquid extraction

Sample is heated with DES
under controlled pressure to
improve diffusion
and solubility.

DES provides high thermal
stability and environmental
safety under
elevated temperature.

Organophosphorus pesticides
in animal products and
egg powders.

Ultrasound-assisted
extraction (UAE)

Ultrasound waves cause
cavitation, disrupting matrices
and enhancing mass transfer.

DES improves extraction
efficiency by stabilizing target
compounds and dissolving
polar analytes.

Extraction of dyes, phenolics,
and pesticides from plants
and water.

Microwave-assisted extraction

Microwave heating increases
molecular movement,
accelerating analyte transfer
to the DES phase.

DES efficiently absorbs
microwave radiation due to
its high polarity.

Extraction of organic
pollutants and volatiles from
food and soil samples.

Electrodialysis/leaching

An electric potential drives
ion migration through
membranes; DES serves as an
electrolyte or
leaching medium.

DES stabilizes ions and
enhances leaching selectivity
for metal recovery.

As, W, Ni, Co, Pb extraction
from mining and
industrial residues.

Cloud point extraction

Heating causes
DES-surfactant mixture to
separate into two phases, one
enriched with analyte.

DES tunes the cloud point and
acts as a more sustainable
substitute for
surfactant modifiers.

Concentration of rare earths
and organics from
water samples.

In-matrix formation extraction

DES forms directly within the
matrix (e.g., milk or honey)
when components are mixed
in situ.

No additional solvent or
pre-treatment required; DES
extracts analytes directly in
the matrix.

Extraction of pesticides,
phenols, and bioactives in
complex food systems.

Micellar-assisted extraction

Combination of DES with
surfactants to form micellar
systems enhancing
solubilization of
nonpolar analytes.

DES stabilizes micelles and
expands the solubility range
of the extraction system.

Extraction of dyes, fragrances,
and aromatic pollutants from
industrial effluents.
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3.1. Dispersive Liquid—Liquid Microextraction (DLLME)

Dispersive liquid-liquid microextraction (DLLME) is based on the rapid injection of
a small amount of extraction solvent into an aqueous sample, producing a fine cloudy
emulsion that greatly increases the contact area between the solvent and the target analytes.
As a result, the analytes are efficiently transferred and concentrated into the deep eutectic
solvent phase, which can later be separated by centrifugation [26]. In this technique, DESs
serve as safer alternatives to conventional organic solvents and offer adjustable polarity
that enables the extraction of both polar and nonpolar compounds. For efficient DLLME
performance, the selected DESs should generally possess relatively low viscosity and
moderate polarity. This method has been successfully applied for the extraction of different
contaminants and compounds, including pesticides, phthalates, and polycyclic aromatic
hydrocarbons, from water and food samples.

3.2. Solid-Phase Extraction (SPE) and Magnetic SPE

Solid-phase extraction (SPE) and magnetic solid-phase extraction (MSPE) rely on solid
sorbent materials that are coated or modified with deep eutectic solvents to selectively
retain target analytes. In MSPE, combining DESs with magnetic nanoparticles allows
for easy separation of the extraction phase using an external magnetic field and also
improves the reusability of the sorbent material [27]. In addition, the DES coating enhances
extraction selectivity and efficiency through specific interactions with the analytes. For
these extraction techniques to perform effectively, the DESs used should generally exhibit
moderate viscosity and hydrophilic properties to ensure fast and efficient mass transfer.
These methods are effectively applied in the preconcentration of trace metals and the
extraction of organic pollutants from diverse complex matrices.

3.3. Liquid—Liquid Extraction (LLE)

Liquid-liquid extraction operates based on the differential partitioning of analytes
between two immiscible liquid phases. Deep eutectic solvents are increasingly used as alter-
native extraction media because of their high thermal stability and adjustable hydrophobic
properties, which allow for selective extraction without relying on volatile organic sol-
vents [28]. DESs have shown excellent performance in processes such as metal recovery and
the removal of hydrophobic pollutants. Owing to these advantages, they are considered
highly suitable for large-scale industrial and environmental extraction applications.

3.4. Solidification of Floating Organic Drop (SFOD)

The solidification of floating organic drop (SFOD) extraction technique is considered
an efficient and potentially more sustainable alternative to traditional organic solvent-
based methods [29]. In this approach, a small amount of hydrophobic deep eutectic solvent,
commonly prepared from natural components such as menthol and fatty acids, is dispersed
into an aqueous sample. The target analytes are then extracted into the DES phase through
hydrophobic interactions and hydrogen bonding. After extraction, cooling the system
causes the DES phase to solidify and float on the sample surface, making it easy to collect
for further analysis by different analytical techniques. The use of DESs in SFOD improves
extraction efficiency and selectivity while also reducing environmental and health concerns
associated with hazardous organic solvents [30]. Another important advantage of this
method is that it eliminates the need for centrifugation. In addition, DES-based SFOD
systems are simple to operate, economical, reusable, and capable of providing high analyte
enrichment and good extraction stability.
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3.5. Pressurized Liquid Extraction

Pressurized liquid extraction utilizes high temperature and pressure conditions to
improve the solubility and diffusion of analytes in the deep eutectic solvent medium. The
applied pressure helps maintain the solvent in the liquid phase and minimizes solvent
loss, while DESs generally remain stable under elevated temperatures [31]. For efficient
application in pressurized liquid extraction, DESs should exhibit high thermal stability and
low volatility. This technique has been successfully used for extracting organophosphorus
pesticides, phenolic compounds, and a variety of bioactive compounds from complex
solid samples.

3.6. Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction (UAE) enhances the extraction process through cavita-
tion phenomena, where the formation and collapse of microscopic bubbles help disrupt
solid matrices and improve the mass transfer of analytes. Deep eutectic solvents further
enhance this process by efficiently dissolving a broad range of compounds, including both
hydrophilic and hydrophobic analytes, while also stabilizing sensitive or reactive species.
In UAE applications, DESs with relatively low viscosity are generally preferred because
they allow for more efficient transfer of ultrasonic energy.

This technique has been successfully applied for the extraction of dyes, polyphenols,
pharmaceutical residues, and other compounds from environmental and food samples. In
addition, the combined effect of ultrasonic energy and the unique solvent properties of
DESs enables faster and more efficient extraction compared with conventional extraction
methods [32,33]. This synergistic interaction not only shortens extraction time and improves
recovery yields but also reduces solvent consumption, further supporting the role of DESs
as environmentally friendly solvents in green extraction technologies, depending on the
DES composition.

3.7. Microwave-Assisted Extraction

Microwave-assisted extraction uses microwave energy to heat both the sample and
the extraction solvent simultaneously, which significantly accelerates the extraction process.
Due to their ionic and polar nature, deep eutectic solvents can efficiently absorb microwave
radiation, resulting in rapid heat generation and enhanced release of analytes from the
sample matrix [34,35]. This technique is particularly suitable for the extraction of thermally
stable compounds such as pigments, antioxidants, and hydrocarbons.

Compared with conventional heating methods, microwave-assisted extraction offers
shorter extraction times and often provides higher recovery efficiencies. The strong di-
electric heating behavior of DESs under microwave irradiation also improves extraction
performance by promoting efficient and selective heating of the solvent-sample system
while reducing unnecessary energy consumption.

3.8. Electrodialysis and Leaching

Electrodialysis and leaching techniques utilize an applied electric field to promote
ion movement across membranes or to selectively dissolve metals in deep eutectic sol-
vents [36]. The high ionic conductivity and suitable redox properties of DESs enhance
the efficiency of metal extraction and recovery processes. In particular, acidic DESs have
shown strong capability in the leaching of heavy metals and rare earth elements from solid
waste materials [37]. These methods are widely applied for the recovery of valuable metals
such as copper, nickel, cobalt, and rare earth elements from electronic waste and mining
by-products.

https://doi.org/10.3390/suschem?7030033
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3.9. Cloud Point Extraction

Cloud point extraction is based on surfactant-deep eutectic solvent systems that
separate into two phases when heated above their cloud point temperature. In this process,
DESs help adjust the cloud point temperature and enhance the selectivity of the extraction
procedure [38]. Hydrophobic DESs are especially useful because they promote the transfer
of target analytes into the surfactant-rich phase [28]. This technique has been successfully
applied for the extraction of trace metals and hydrophobic organic contaminants from
water samples.

3.10. In-Matrix Formation Extraction

This approach is based on the in situ formation of deep eutectic solvents directly
within the sample matrix by mixing suitable precursors, such as choline chloride and
organic acids, inside the analytical system [39]. Since the solvent is generated during the
extraction process itself, there is no need to prepare DESs beforehand, which simplifies
the procedure and reduces waste production. This technique has been applied for the
extraction of compounds such as phenolic substances and pesticide residues from complex
food samples such as milk and honey [40]. The direct formation of DESs within the matrix
also enhances the interaction between the solvent components and the target analytes,
creating a localized extraction environment that can improve extraction efficiency [41].

3.11. Micellar-Assisted Extraction DES Hybrid

Micellar-assisted extraction is a hybrid extraction approach in which deep eutectic sol-
vents are combined with surfactants to form micellar structures that enhance the solubility
of nonpolar analytes [42]. This technique benefits from both the solubilization ability of
micelles and the adjustable properties of DESs. It has been successfully used for the extrac-
tion of compounds such as dyes, fragrances, and aromatic hydrocarbons from complex
samples such as wastewater and textile materials. The integration of DESs with surfactants
improves the extraction of compounds that normally exhibit poor solubility in aqueous
media, providing a more environmentally friendly alternative to conventional organic
solvents. In addition, the tunable characteristics of DESs make it possible to design micellar
systems with specific solubilization properties suited for different analytical applications.
The combined interaction between DESs and surfactants also promotes the formation of
stable and selective micellar assemblies, which enhances the partitioning and extraction
efficiency of target analytes [43].

Table 4 presents a selection of representative studies on the application of deep eu-
tectic solvents (DESs) in analytical extraction and leaching processes reported in recent
peer-reviewed literature. It encompasses a wide range of sample matrices, including envi-
ronmental, industrial, biological, and food-related systems, and details the target analytes,
DES compositions, and employed extraction or analytical methodologies. The table also
covers both metallic and metalloid species as well as various organic contaminants, high-
lighting the broad applicability of DES-based extraction systems and their significance in
the context of green analytical chemistry.
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Table 4. Applications of DESs in analytical extraction for metallic and metalloid elements.
Matrix Pollutant Group DES Type Technique/Instrument
Food samples Synthetic azo dyes mo?gg;ﬁg?;ﬁ lljaErﬁrS(})lr}:i_um DES-based vortex-assisted [44]
P (food dyes) ‘benzytnetiy DLLME + HPLC
chloride)
Rice (white/brown; Heavy metals (As I}—lllyd.r é)plk:lhc EES (choline DES—based V'ortex—ﬁssC;ngd
flour) speciation/total) chloride-based; DES-vortex — microextraction + hydride [45]
assisted-LPME) generation—-AAS
. . Hydrophobic DES
Tea b.evleljages, Pest1c1d§s (hexafluoroisopropanol- DES-DLLME + HPLC [46]
Fruit juices (pyrethroids)
based)
Hydrophilic DES li uilcilflinz%gréi?gction
Tea (infusions) Herbicides (homogeneous LLE + d q . [47]
in-syringe DLLME) (DES) + In-syringe
DLLME + HPLC
Pesticides . UA-DLLME
Aqueous samples (pyrethroids) Hydrophobic DES (DES) + GC/HPLC [48]
DES-based floating
DES-based floating organic organic droplet
Real food and water  Heavy metals (Pb) droplets (portable syringe) ~ microextraction (portable (4]
syringe) + FAAS
Non-alcoholic Heavy metals (Pb, Centrifuge-less DES-based A1r—ag'1 tated l1qu1.d—11qu1d
beverages and food Cd, Cu, As) magnetic nanofluid microextraction + 1501
T electrothermal AAS
Water & tea Pesticides Hydrophobic DES DES-based membrane [51]
beverages (pyrethroids) (membrane-assisted) microextraction + HPLC
Water; - DES-based
aqueous extracts Heavy metals (Pb) Hydrophilic DES microextraction + FAAS [52]
Heavy metals Hydrophilic DES as disperser In-syringe
Beverages (Cr(VI)) (in-syringe flow) DES-DLLME + UV-Vis L]
. Liquid-phase extraction
Milk Pesticides I“'H(‘ﬁtré’; (f";rggi)DES +SFOD + DLLME [54]
ydrop (DES-based) + GC-FID
. Heavy metals (Cd, Synthesized ternary DES Ligand-less DES-DLLME
Milk samples Cu, Pb) (ligand-less) + spectrometric detection [55]
. . Vortex-assisted
1 Ft(i)od(-rcnointai;t ) Phthalates h Laiw_ilsﬁ?s%}gs liquid-liquid [56]
plastics trgration yerophobic microextraction + HPLC
Cereals Pesticides Hydrophobic DES DES-DLLME-SFOD + [57]
(pyrethroids) (SFOD mode) HPLC
Ultrasound-assisted
Fruit juices; - Hydrophobic DES solidifying hydrophobic
tea drinks Fungicides (L-menthol:decanoic acid) DES [58]
microextraction + HPLC
Nonionic surfactant-based Vortex-assisted
Tomato—chili sauces Lipophilic dyes - DES-based liquid-liquid [59]
hydrophobic DES : .
microextraction + HPLC
Bisphenols + . o Air-assisted LLME
Tea infusions Polycyclic aromatic Hydrophobic DES (floating; (solidifying [60]

hydrocarbons

solidifying)

floating DES) + HPLC
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Table 4. Cont.
Matrix Pollutant Group DES Type Technique/Instrument
. Heavy metals Hydrophobic DES
Wine (Pb, Cd, Cu) (UA-DLLME) UA-DES-DLLME + FAAS [61]
e . Vortex-assisted
Tea (brewed Heavy metals (Pb, Solidified deeP egtechc liquid-phase
) . solvent (ionic . . . [62]
infusions) Cd, Cu, As, Hg) liquid-based DES) microextraction with
quic-base solidified DES + GFAAS
. Natural hydrophobic Vortex-assisted
Soft drinks Phthalates DES (NADES) DLLME + HPLC [63]
DES-based
. . Hydrophilic DES (choline ultrasound-assisted
Hazelnut skin Phenolic compounds chloride-based) solid-liquid [64]
extraction + HPLC — UV
Soil (washin DES soil washing +
extract /leacha%e) Heavy metals (Pb) Acidic DES analysis of leachate [65]
(ICP-OES/ICP-MS)
Hydrophobic DES
Wine Pesticides (L-menthol: butylated DES-DLLME + HPLC-MS [66]
hydroxytoluene, 3:1)
- Vortex-assisted
Honey; fruit samples Organsgi(i)csllz?orus (Voliis(_izseig:ésfﬁ\z}z) liquid-liquid [67]
p microextraction + GC-MS
Water; juice; vinegar Fungicides Magnetic DES MDES-DLLME + HPLC [68]
. Polycyclic aromatic Hydrophilic DES (as -~ B
Environmental water hydrocarbons disperser in DLLME-SFOD) DLLME-SFOD + GC-MS [69]
Milk and Melamine Air-assisted hydrophobic Air-assisted-MDES- [70]
milk-based products magnetic DES DLLME + UV-Vis
Capsicum spice Mycotoxins Synthesized DES DES-DLLME + [71]
P P (ochratoxin A/B) (hydrophobic) LC-MS/MS
Water samples Heavy metals (Hg Natural DES NADES-DLLME + [72]
P speciation) (menthol:decanoic acid) LC-UV-Vis (speciation)
Hydrophobic DES DES-based
Wast:;n&é(;()d Heavy metals (Pb) (electromembrane hollow electromembrane hollow [73]
p fiber acceptor) fiber extraction + GFAAS
Organophosphorus  Switchable DES (hydrophilic UA-DES
Honeysuckle dew pesticides + hydrophobic) extraction + GC-MS [74]
Food and Heavy metals Magnetic hydrophobic Magnetic I}yclircl)lpllloblc
water samples (Ni, Cu) DES-DLLME DES orbital-shaker [75]
! DLLME + UV-Vis
Water & food Heavy metals Natural hydrophobic DES Ligand-less
samples (As, Cd, Pb, Hg) (ligand-less) NADES-DLLME + [76]
P 4 2R & AAS/ICP
Heavy metals Hydrophobic natural DES DES-DLLME +
Water samples (Cu, Ni) (dual-function) spectrometric detection [77]
Aqueous Heavy Hydrophobic DES rtIe_(];]c?r]ScSe_r?E' :foi N (78]
media (water) metals (UO,2*) (HDES-based optode) P

spectrophotometry
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Table 4. Cont.
Matrix Pollutant Group DES Type Technique/Instrument
Crystal violet; DES-DLLME with UA-DES-DLLME +
Water samples C nanoparticles . [79]
ongo red i : UV-Vis
(ultrasonic-assisted)
Water matrices Heavy metals (Cd)  Natural DES (NADES); SFOD NADES_DII&IAI\S/IE_SFOD M [80]
Pesticides,
phthalates, and . NADES-DLLME +
Food polycyclic aromatic Hydrophobic NADES LC-MS/MS [81]
hydrocarbons
Beverages: foods Benzoic acid Air-assisted hydrophobic Air-assisted [82]
gesy (preservative) DES-DLLME HDES-DLLME + UV/LC
Dyes (polar & . . DES-DLLME +
Food products Aon-polar) Quasi-hydrophobic DES HPLC,/UV [83]
Drinking water; Ahp}ggf;;gi‘ydes Terpene-based DES-DLLME + GC 8]
alcoholic beverages . hydrophobic DES method
contaminants)
Water Polychlorinated (solii};}(}iﬁ);hfi;: d?ci?hilic DLLME (solidifying [85]
biphenyls DES (disperser) HDES) + GC-MS
Switchable DES-based
. pH-switchable liquid-phase
Environmental water Chlorobenzenes hydrophobic DES microextraction + [86]
GC-ECD
Envu‘onmer}tal & Neoru?o.tmmd Natural DES (NADES) DES-DLLME + [87]
food matrices pesticides chromatography
Emerging
contaminants .
. Hydrophobic NADES: NADES-DLLME +
Wastewater (benzotria- . [88]
zoles /benzothiazoles/ thymol:menthol HPLC-QTOE-MS
parabens/UV filters)
Multiclass emerging Hydrophobic NADES: Vortex-assisted DLLME +
Surface water organic . [89]
. thymol + butyric acid LC-MS
contaminants
. . . Hydrophobic DES: Hydrophobic DES-based
Mineral water Persistent organic tetrabutylammonium liquid—liqui
. . . iquid-liquid [90]
(plastic packaged) pollutants chloride + p-cresol (acid . .
. L . microextraction + GC-MS
dissociation with HCl)
Bioactive
Orange pomace compounds NADES: choline UAE-NADES + [91]
gep (antioxidant chloride:lactic acid HPLC-DAD-QTOF-MS
phenolics)
. . . NADES-SLE +
Honey Biopesticide residues NADES: urea—glycerol-water LC-Q-Orbitrap-MS [92]
Radish Non-phthalate Hymopﬁ%ﬁi? ADES solidl—\LAi)i]fist-ez?j:gdon + [93]
(roots/leaves) plastic additives !

chloride-2,3-butanediol

UHPLC-Q-Orbitrap-MS
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Table 4. Cont.
Matrix Pollutant Group DES Type Technique/Instrument
. Vortex-assisted
Milk Antibiotic residues DES-based panoﬂuld liquid-liquid [94]
(graphene oxide aerogel) . .
microextraction
Plant & food Heavy metals (As UAE/microwave-
matrices 27: d, Pb) ! Natural DES (NADES) assisted extraction with [95]
(beverages/juices) ! NADES + ICP-MS
. Hydrophobic DES-coated
Szfn;clze;c;c;irégi:s membrane: DES-coated cellulose
urface water tetrabutylammonium acetate membrane
Surf B et butyl i b [96]
conlic)aminants) bromide:hexanoic acid (1:3,  microextraction + GC-MS
molar ratio)
. DES: choline c}}lorlde:urea DES-based solidified
Mine wastes Heav 1 (sil (1:2, molar ratio) used as floati icd 97
. y metal (silver) . . oating organic drop [97]
(solid samples) extraction solvent in SFOD . 4
. . microextraction + FAAS
microextraction
. . . NADES: betaine:urea (1:3.3, Ultrasound-assisted
‘N(li;ia ?g;lejzf;ry ccl?rl:af)ﬂ‘lfis molar ratio; 60% water NADES extraction; [98]
angustifolium Aiton) ( ﬂaVI())noi ds) content in optimized UAE LC-MS/MS nontargeted
& per study) metabolomics analysis
DES systems: Vortex-assisted
Water samples Synthetic dye tetrabutylammonium liquid-phase
and drinks (eosin Y) bromide + alcohol microextraction [99]
(hexanol/octanol/decanol) in (DES-based) +
various ratios fluorescence detection
Hydrophobic DES
_ (extractant):
Milk samples anﬁ?ggnijﬁfﬁznt thymol:nonanoic acid + Supramolecular-DES- [100]
p (melamine) hydrophilic DES (disperser): ~ based DLLME + HPLC
choline chloride:ethylene
glycol (B-cyclodextrin doped)
Environmental water Magnetic DES: heptanoic acid .
tap/river/lake/sea  Herbicides (triazines + methyltrioctylammonium M].Z)ES—based. single-drop [101]
p y y
4 . . microextraction + HPLC
water) chloride + iron chloride
Mineral water; river
water; packaged Bisphenols ) L
drinking water (endocrine DLfn‘tEii‘lcszzarEg:ﬁjﬂo) DLLME + LC-DAD [102]
(polycarbonate bottle disruptors) -
migration study)
Orange; spinach; Pesticide residues NADES: thymol: menthol Solid-liquid extraction + [103]
wheat (multi-class) (1:1, molar ratio) LC-MS/MS
. Antibiotic residues NADES: anisaldehyde:
Commercial cow (sulfonamides + octanoic acid (2:1, NADES-DLLME + [104]

milk; chicken eggs

fluoroquinolone)

molar ratio)

UHPLC-MS/MS

AAS: atomic absorption spectrometry; FAAS: flame atomic absorption spectrometry; spectrometry; GFAAS:
graphite furnace atomic absorption spectrometry; spectrometry; ICP-MS = inductively coupled plasma mass spec-
trometry; ICP-OES: inductively coupled plasma optical emission spectrometry; UV-Vis: ultraviolet-visible spec-
trophotometry; HPLC: high-performance liquid chromatography; UHPLC: ultra-high-performance liquid chro-
matography; UV: ultraviolet detection; DAD: diode array detection; MS: mass spectrometry; MS/MS = tandem
mass spectrometry; QTOF-MS: quadrupole time-of-flight mass spectrometry; LC: liquid chromatography; Q-
Orbitrap: quadrupole Orbitrap mass spectrometry; GC: gas chromatography; FID: flame ionization detection;
ECD: electron capture detection.
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4. Comparative Overview of DES-Based Extraction Techniques

The comparison presented in this section is primarily qualitative because the ana-
lytical performance metrics reported in the literature are not fully standardized across
different studies. Therefore, the discussion focuses on identifying general trends linking
DES composition, extraction mechanisms, sample matrices, analyte classes, and overall
analytical performance. No single DES-based extraction method can be regarded as univer-
sally optimal, since the analytical efficiency of each approach is highly dependent on the
extraction mechanism, sample matrix characteristics, phase separation mode, operational
conditions, and intended analytical goals. Within this qualitative comparative framework,
however, noticeable differences can be identified among the various DES-assisted extraction
strategies. Among these, DLLME-based methods are still widely adopted due to their fast
extraction kinetics, reduced solvent usage, simple sample handling, and high preconcen-
tration capability [46,47,57,63,66,67,71,81,83,85,87,89,90]. The rapid dispersion of fine DES
droplets within the sample generates a large interfacial surface area, which enhances mass
transfer of analytes and allows the system to reach extraction equilibrium in a short amount
of time. Consequently, DLLME generally demonstrates excellent analytical performance
for trace-level analytes in liquid matrices, particularly when rapid enrichment and high
sensitivity are required. These features make DLLME especially suitable for routine ap-
plications and high-throughput analytical settings. Nevertheless, although the method is
simple and fast, conventional DLLME typically requires effective phase separation and
solvent recovery steps, which has led to the development of several modified variants.

Among these variations, vortex-assisted, ultrasound-assisted, and air-assisted DLLME
methods have been introduced to improve solvent dispersion and enhance extraction
performance through different operational mechanisms. In vortex-assisted DLLME, me-
chanical agitation is applied, offering a simple, economical, and instrumentally minimal
approach [56,59,63,82,99]. Ultrasound-assisted DLLME is based on acoustic cavitation,
which promotes mass transfer and reduces diffusion constraints, thereby typically achiev-
ing more rapid extraction and improved recovery efficiencies compared with conventional
DLLME [48,58,61,74,79]. This improvement is particularly beneficial when relatively vis-
cous DES formulations are employed, since ultrasound partially compensates for slower
diffusion by enhancing solvent penetration and analyte transport. In contrast, air-assisted
DLLME removes the requirement for disperser solvents by using repeated aspiration and
injection cycles to form the extraction dispersion [50,70,82]. Accordingly, air-assisted ap-
proaches generally present a more environmentally benign profile while still providing
acceptable extraction efficiency. These findings indicate that, although all DLLME variants
are based on the same fundamental extraction principle, they differ significantly in their
operational features. This diversity enables the selection of the most suitable DLLME
variant according to the analytical requirements of a given application. In practice, the
choice depends on the desired extraction efficiency, rapidity, operational simplicity, solvent
consumption, physicochemical properties of the target analytes, viscosity and polarity of
the selected DES formulation, and complexity of the sample matrix.

Solidification-based approaches, such as DLLME-SFOD and floating organic drop mi-
croextraction, overcome a key limitation of liquid-phase microextraction techniques, particu-
larly the difficulty associated with post-extraction solvent recovery [49,57,60,62,69,80,85,97].
By using DESs that solidify upon cooling, these methods enable easier and more repro-
ducible recovery of the extraction phase compared with conventional DLLME. The analyti-
cal performance of these systems is strongly influenced by the melting behavior, hydropho-
bicity, and viscosity of the selected DES formulation, since these properties determine both
analyte partitioning and the ease of phase collection. This approach helps reduce solvent
loss and simplifies phase separation and handling. In comparison to standard DLLME,
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SFOD-based techniques typically provide higher extraction-phase recovery and improved
reproducibility; however, they depend on DESs with specific melting characteristics and
may require an additional cooling step during the procedure.

Magnetic DES-based extraction systems constitute another significant development in
phase separation techniques [50,68,70,75,94,101]. In contrast to conventional DLLME and
SFOD methods, which depend on centrifugation or temperature-controlled phase separa-
tion, magnetic extraction systems utilize magnetic nanoparticles or magnetic nanofluids to
rapidly separate the extraction phase under an external magnetic field. This approach mini-
mizes sample-handling procedures, decreases processing time, and facilitates integration
with automated analytical platforms. In addition, DES-modified magnetic materials often
provide extra active adsorption sites and enhanced intermolecular interactions, leading to
improved extraction performance. These advantages are particularly evident in complex
environmental, food, and biological matrices, where rapid phase separation and reduced
matrix interference are essential for reliable analytical results. Nevertheless, the synthesis
and characterization of magnetic materials can increase both the complexity and cost of the
method compared with simpler liquid-phase extraction techniques.

Unlike liquid-phase microextraction techniques, solid-phase extraction (SPE), mag-
netic solid-phase extraction (MSPE), membrane-assisted extraction, and DES-modified
sorbents are primarily designed to enhance selectivity and improve matrix purifica-
tion [51,72,73,76,96]. DES-functionalized sorbents can interact with target analytes through
multiple mechanisms, including hydrogen bonding, electrostatic attraction, —m stack-
ing, and donor-acceptor interactions, thereby producing cleaner extracts and reducing
matrix-related interferences. Accordingly, these approaches are generally more suitable
for complex matrices or analyte classes requiring higher selectivity rather than only rapid
enrichment. As a result, these methods are particularly effective for the analysis of complex
samples containing substantial amounts of interfering substances. In addition, many DES-
based sorbents can be regenerated and reused, supporting the long-term sustainability of
the extraction process. However, these techniques typically involve extra steps, such as
sorbent preparation, conditioning, and regeneration, which may limit their applicability
for rapid screening compared with DLLME-based methods.

For solid and semi-solid samples, DES-assisted ultrasound-assisted extraction (UAE),
microwave-assisted extraction (MAE), pressurized liquid extraction (PLE), and NADES-
based solid-liquid extraction offer several advantages compared with traditional microex-
traction techniques [91,93,95,98,103]. Ultrasound-assisted extraction (UAE) promotes the
release of analytes by inducing cavitation that disrupts plant and food matrices under rela-
tively mild operating conditions, making this technique particularly suitable for thermally
sensitive compounds. In DES-based UAE, cavitation also improves solvent penetration
and mass transfer, which can partially overcome the high viscosity commonly associated
with several DES formulations. Microwave-assisted extraction (MAE) employs microwave
energy to rapidly heat both the sample and the extraction medium, thereby shortening
extraction times and enhancing overall efficiency. Although MAE generally provides higher
sample throughput than UAE, it may not be ideal for compounds that are highly suscepti-
ble to thermal degradation. Likewise, pressurized liquid extraction (PLE) uses elevated
temperatures and pressures to accelerate analyte diffusion and dissolution, often yield-
ing highly reproducible results within relatively short extraction periods. However, both
MAE and PLE require specialized equipment and higher energy consumption compared
with UAE. In addition, NADES-based solid-liquid extraction has emerged as a promising
approach for the recovery of natural products because NADESs typically exhibit lower
toxicity, improved biocompatibility, and greater suitability for food and pharmaceutical
applications than many traditional extraction solvents [91,93,95,98,103]. However, these
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advantages remain formulation-dependent and should not be generalized to all NADES
systems. Overall, the selection among UAE, MAE, PLE, and NADES-assisted extraction
depends on the thermal stability of the analytes, matrix rigidity, DES viscosity, polarity,
hydrogen-bonding capacity, and required balance between extraction efficiency, selectivity,
and operational practicality.

The development of emerging DES technologies highlights the progression of this
field beyond the concept of merely replacing conventional solvents. In situ DES generation
streamlines the extraction procedure by forming the solvent directly within the sample
matrix, which reduces reagent usage, minimizes solvent preparation requirements, and
enhances the overall sustainability of the process [54,100]. Switchable DES systems offer
enhanced operational versatility because their hydrophilic and hydrophobic characteristics
can be reversibly adjusted using external stimuli, thereby facilitating both the extraction pro-
cess and subsequent phase separation. The ability to reversibly modify solvent properties
allows these systems to accommodate analytes with different physicochemical characteris-
tics while simplifying phase separation. Although these systems provide greater flexibility
than conventional DESs, their successful application often depends on careful optimization
of the extraction parameters. Consequently, their analytical performance is governed not
only by the extraction mechanism but also by the composition of the DES formulation and
the operational conditions used to induce solvent switching.

Recent investigations have extended the application of DESs to more advanced ex-
traction platforms. Electromembrane extraction integrates DES-based systems with elec-
trically driven analyte transport, providing improved selectivity and more effective pre-
concentration of ionic species compared with many traditional liquid-phase extraction
techniques [52,78]. This additional transport mechanism makes electromembrane ex-
traction particularly advantageous for charged analytes, where electrokinetic migration
complements conventional partition-based extraction. Similarly, membrane-based and
chromatomembrane extraction techniques generate cleaner extracts and exhibit better
compatibility with continuous-flow and automated analytical platforms, as analyte trans-
fer takes place through a precisely controlled membrane interface [51,73,96]. Although
these techniques may involve longer extraction periods than DLLME-based approaches,
they generally offer enhanced selectivity and improved reproducibility, making them
particularly suitable for applications requiring high analytical precision and minimal
matrix interference.

Overall, the studies compiled in Table 4 demonstrate that DES-assisted extraction
has progressed far beyond its initial role as a potentially more sustainable alternative to
conventional organic solvents and has developed into a diverse and adaptable analytical
platform. DLLME-based methods continue to be favored for their speed and high extrac-
tion efficiency, whereas SPE- and membrane-based strategies provide greater selectivity
and improved sample purification. Magnetic extraction systems simplify phase separa-
tion procedures, SFOD techniques facilitate solvent recovery, and UAE, MAE, PLE, and
NADES-assisted methods offer efficient alternatives for processing complex solid matri-
ces. Furthermore, recent innovations, including in situ DES generation, switchable DESs,
electromembrane extraction, and chromatomembrane technologies, have broadened the
scope of DES applications by enhancing sustainability, analytical versatility, and suitabil-
ity for automated systems. Taken together, the available studies indicate that no single
DES-assisted extraction technique consistently outperforms all others. Instead, analytical
performance depends on the interplay between DES composition, extraction mechanism,
analyte chemistry, sample matrix complexity, and operational conditions. Consequently, the
selection of an appropriate DES-assisted extraction strategy should be based on balancing
extraction efficiency, selectivity, operational simplicity, solvent recovery, the physicochemi-
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cal properties of the DES formulation, matrix characteristics, environmental considerations,
and compatibility with the intended analytical instrumentation rather than relying on a
single performance criterion.

5. Future Trends and Challenges in DES-Based Extraction Systems

The future trajectory of deep eutectic solvent-based extraction systems is characterized
by the convergence of analytical miniaturization, automation, and intelligent solvent design.
As laboratories increasingly prioritize green, high-throughput analytical workflows, DESs
offer the requisite molecular versatility for developing tailored solvent systems within
microfluidic and automated extraction platforms. Consequently, the ongoing advancement
in DES applications underscores their prospective role as foundational elements within
next-generation analytical chemistry platforms. Although DESs are frequently described
as green solvents, their environmental and toxicological profiles are not universal. The
biodegradability, ecotoxicity, bioaccumulation potential, and overall sustainability of DESs
depend strongly on the chemical identity of the hydrogen bond donor and acceptor, their
molar ratio, impurities, and the intended application. Therefore, each DES formulation
should be evaluated individually using appropriate environmental and toxicological as-
sessment methods rather than assuming that all DESs are inherently green or low toxicity.

5.1. Microfluidic and Miniaturized DES Systems

The integration of deep eutectic solvents into microfluidic systems has enabled ex-
traction processes that require very small sample volumes, shorter analysis times, and
high reproducibility [105]. These miniaturized platforms significantly reduce solvent con-
sumption and support continuous-flow extraction, making them highly useful for real-time
environmental and clinical monitoring [106]. In addition, the low volatility and adjustable
polarity of DESs make them particularly well suited for use in narrow microfluidic channels,
overcoming problems commonly associated with the evaporation of conventional solvents.
The successful application of DESs in microfluidic devices often depends on optimizing
parameters such as flow rate, channel design, and mixing conditions to achieve maxi-
mum extraction efficiency within the microscale environment. As a result, these systems
frequently provide better performance than conventional batch extraction methods.

Several investigations have focused on incorporating deep eutectic solvents (DESs)
into microfluidic and miniaturized extraction platforms to enhance analytical performance
and process efficiency. Dowlatshah et al. [107] designed a microfluidic liquid-phase mi-
croextraction platform that employed natural deep eutectic solvents as supported liquid
membranes, representing one of the earliest demonstrations of a fully green, biodegradable,
and membrane-assisted microfluidic extraction system. More recently, Piryaei et al. [108] in-
troduced a DES-hydrogel thin-film electromembrane microfluidic device for the extraction
of bisphenol A from thermal paper, mineral water, and tap water samples, demonstrating
the potential of DES-based membranes in the development of miniaturized, environmen-
tally sustainable analytical platforms. In a subsequent study [109], a microfluidic extraction
platform incorporating a hydrophobic DES was designed for the effective separation of
cesium ions from acidic aqueous media, demonstrating the potential of DES-integrated
microfluidic systems for metal ion recovery and environmental remediation applications.
Furthermore, recently developed on-chip electromembrane extraction devices combined
with thin-film solid-phase microextraction have illustrated the feasibility of miniaturized an-
alytical platforms for detecting synthetic dyes in beverage and environmental samples [110].
Collectively, these findings demonstrate that DES-based microfluidic technologies can sig-
nificantly reduce solvent consumption, enhance extraction performance, and promote the
advancement of automated and environmentally sustainable analytical systems.
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5.2. DES—Nanocomposite Hybrids

Recently, increasing attention has been directed toward hybrid systems that combine
deep eutectic solvents (DESs) with nanostructured materials, including metal-organic
frameworks, graphene, and magnetic nanoparticles. Such combinations have demon-
strated notable improvements in surface area, selectivity, and adsorption efficiency. For
instance, DES-graphene composites have shown effectiveness in recovering trace organic
compounds from aqueous media [111], while DES-coated magnetite materials simplify
phase separation during magnetic solid-phase extraction [112]. The combined properties of
DESs and nanomaterials contribute to improved material stability and reusability, making
them promising candidates for advanced extraction technologies [113]. Recent investiga-
tions have further emphasized the increasing importance of DES—nanocomposite hybrid
materials in extraction and adsorption technologies. Deng et al. reviewed the application
of DES-functionalized metal-organic frameworks and demonstrated their considerable
potential for food and environmental sample preparation, which arises from the synergistic
integration of the intrinsic porosity of metal-organic frameworks with the selective interac-
tions provided by DES components [113]. Liu et al. synthesized DES/reduced graphene
oxide composites and demonstrated their high efficiency in the adsorptive removal of diben-
zothiophene from fuel oil, highlighting the potential of DES—graphene hybrid materials to
improve adsorption capacity and overall separation performance [114]. In a recent study,
Hang et al. fabricated DES-functionalized magnetic graphene oxide/metal-organic frame-
work composites for magnetic dispersive solid-phase extraction, demonstrating enhanced
extraction efficiency together with more convenient magnetic separation [115]. More re-
cently, Chen et al. [112] developed poly-DES-functionalized magnetic graphene oxide
nanomaterials and demonstrated their excellent performance in the solid-phase extraction
of trypsin, highlighting the potential of polymeric DES coatings for efficient biomolecule
enrichment. Likewise, DES-based ferrofluids constructed from Fe;O4 magnetic cores have
been identified as effective magnetic extractants [116], further illustrating the advantages
of integrating DESs with magnetic nanostructures to achieve rapid and environmentally
friendly separation processes. Additionally, Chen et al. prepared a biomass-derived mag-
netic nanocomposite consisting of Fe3Oy, chitin, and a choline chloride/citric acid-based
natural deep eutectic solvent for the magnetic solid-phase extraction of trypsin. The result-
ing material exhibited high extraction efficiency and excellent reusability, demonstrating
the suitability of NADES-modified magnetic biopolymer nanocomposites for selective
biomolecular separations [117]. Valipour et al. also synthesized DES-functionalized SiO,-
coated magnetic nanoparticles using an arginine/choline chloride formulation. Their
findings showed that anchoring DESs onto magnetic nanostructures can enhance material
stability, facilitate recovery, and improve functional performance, thereby broadening their
potential applications in sustainable catalytic systems [118]. In addition, incorporating
DESs into solid nanostructured supports helps overcome viscosity-related limitations com-
monly associated with certain DES systems, leading to enhanced mass transfer during
extraction processes [119]. Functional modification of nanomaterials can further promote
selective interactions between DESs and specific target compounds, enabling more efficient
and selective enrichment strategies [120].

5.3. Automation and Online Coupling

The integration of deep eutectic solvent (DES) extraction with chromatographic and
spectrometric techniques through automated and online systems has significantly im-
proved analytical performance [121]. By functioning in closed environments, automated
DES-based systems reduce operator exposure while enhancing consistency and repro-
ducibility. This approach supports high-throughput analysis and remains compatible with
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regulatory requirements for monitoring trace-level contaminants. Several studies have
demonstrated the feasibility of incorporating DESs into automated and online analytical
platforms. For example, a Lab-in-Syringe automated DES-based direct immersion single-
drop microextraction system coupled online with HPLC was developed for the determina-
tion of fluoroquinolones in environmental waters, showing reduced solvent consumption
and improved reproducibility [122]. Similarly, a poly(deep eutectic solvent) monolithic
column has been employed in an online in-tube solid-phase microextraction system cou-
pled with HPLC for the analysis of non-steroidal anti-inflammatory drugs, demonstrating
the effectiveness of DES-derived sorbents in integrated chromatographic workflows [123].
Automated liquid-liquid extraction using DESs has also been reported for acrylamide
determination, emphasizing their applicability in streamlined sample preparation [124].
More recently, an automated DES-based chromatomembrane microextraction system was
introduced for the preconcentration and separation of bisphenols from aqueous matrices,
further illustrating the compatibility of DESs with environmentally friendly automated
analytical platforms [125]. In addition, a semi-automated single-drop microextraction
approach employing a natural deep eutectic solvent synthesized from oleic acid was devel-
oped for Zn(Il) analysis, demonstrating that semi-automated DES-based methodologies
can enhance analytical precision while reducing manual handling [126].

The direct connection between DES extraction and analytical instruments enables
real-time sample processing, which helps shorten the time required for analyzing complex
samples [127]. Advances in robotic systems tailored for DES extraction procedures are
also expected to improve laboratory workflow by increasing operational accuracy and
minimizing the possibility of human error.

5.4. Machine Learning and Al-Driven Solvent Design

The use of artificial intelligence (Al) and machine learning is increasingly contributing
to the understanding of interactions between deep eutectic solvents (DESs) and target
analytes, while also helping predict important solvent properties such as viscosity, polarity,
and extraction performance [128]. In addition, multi-objective computational algorithms
are being used to identify suitable combinations of hydrogen bond acceptors and hydro-
gen bond donors based on the structural characteristics of the analytes of interest [129].
These computational tools reduce reliance on extensive experimental testing, making the
development of efficient and environmentally friendly solvents faster and more systematic.
Recent work has highlighted the growing importance of machine learning techniques in
the prediction and optimization of deep eutectic solvent (DES) properties. For instance,
open-access predictive frameworks have been proposed to estimate key physicochem-
ical parameters of DESs, enabling faster and more efficient solvent screening [130]. In
addition, various machine learning models have been developed to predict eutectic temper-
ature [131], viscosity [132], carbon dioxide solubility [133], and heat capacity [134]. Beyond
property prediction, data-driven and hybrid approaches have been applied to elucidate
hydrogen-bonding interactions within DES systems [135]. Combined experimental and
machine learning strategies have also been used to design pharmaceutically relevant DES
formulations, improving the solubility of drugs such as ibuprofen and ketoprofen [136].
Furthermore, physics-informed machine learning models have been utilized to estimate sol-
vatochromic parameters of designer solvents, offering enhanced understanding of solvent
polarity and solute—solvent interactions [137].

By applying predictive modeling, researchers can avoid time-consuming empirical
screening and accelerate the rational design of DESs tailored for specific analytical pur-
poses [138]. This predictive strength also supports the development of customized solvents
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with improved selectivity and extraction efficiency, creating new opportunities for more
targeted and application-specific analytical approaches [41].

5.5. Regulatory, Thermodynamic, and Scalability Challenges

Although significant advancements have been made, the widespread application of
deep eutectic solvents (DESs) is still constrained by several challenges. A key limitation is
their sensitivity to thermodynamic conditions, including temperature, composition, pres-
sure, and water content, all of which can influence phase behavior, extraction efficiency, and
operational stability, particularly in large-scale applications. This behavior is associated
with the inherently non-ideal nature of DESs, where strong hydrogen bond interactions
between hydrogen bond donors and acceptors result in melting-point depression and intri-
cate phase equilibria [139-141]. Even minor changes in composition, precursor selection,
or moisture level can noticeably affect viscosity, density, thermal and melting characteris-
tics, and solvation behavior, thereby reducing reproducibility and complicating scale-up
processes [141,142].

The development of predictive modeling approaches is strongly motivated by the
vast number of possible deep eutectic solvent (DES) combinations, making the experi-
mental determination of all relevant physicochemical properties impractical. Haghbakhsh
et al. [143] introduced group-contribution and atomic-contribution models capable of esti-
mating key DES properties such as density, refractive index, heat capacity, speed of sound,
and surface tension based solely on structural descriptors. In addition, several other studies
have reported predictive frameworks targeting individual properties, including viscos-
ity, density, surface tension, heat capacity, and acoustic velocity [144-148]. Collectively,
these developments emphasize the growing role of computational tools in the screening
and rational design of DES systems. Such models are particularly useful in early-stage
evaluation, solvent selection, and feasibility assessment, as they minimize reliance on
extensive experimental trial-and-error and provide reliable property estimates prior to
laboratory synthesis.

In addjition, the relatively high viscosity characteristic of many DES formulations can
significantly hinder diffusion and mass transfer during large-scale extraction processes,
thereby limiting their suitability for industrial-scale and continuous-flow operations. Ele-
vated viscosity reduces analyte mobility, decreases interfacial contact efficiency between
phases, and increases the energy required for mixing and fluid handling. Experimen-
tal findings have shown that the physicochemical and rheological behavior of DESs is
strongly influenced by temperature, water content, and the molecular structure of their con-
stituents [142,149,150]. To address these limitations, several strategies have been proposed,
including controlled addition of water, dilution with compatible co-solvents, temperature
optimization, and the design of low-viscosity hydrophobic DES systems [141,151,152].
However, such modifications must be carefully controlled, as excessive dilution or compo-
sitional alteration may disrupt the hydrogen-bonding network, modify solvent polarity,
reduce selectivity, or compromise overall stability.

Another critical challenge is the limited availability of comprehensive and consistent
thermodynamic and thermophysical data describing DES—solute interactions, phase be-
havior, heat capacity, density, viscosity, surface tension, and thermal stability. This lack
of reliable datasets complicates process modeling, scale-up design, and industrial imple-
mentation. Previous thermodynamic and transport-property studies have emphasized
that accurate experimental data, together with validated predictive models, are essen-
tial for interpreting DES behavior and enabling reliable transfer from laboratory-scale
studies to industrial applications [141,143,153]. Accordingly, establishing standardized
reporting practices—covering DES composition, water content, and purity of precursors,
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as well as temperature, pressure, and measurement conditions—is crucial for improving
reproducibility and ensuring meaningful comparison across different studies.

5.6. Sustainability

Deep eutectic solvents (DESs) have emerged as sustainable alternatives in analyt-
ical extraction because of their renewable origins and reduced environmental impact.
Their low toxicity, strong thermal and chemical stability, and ability to dissolve a wide
range of compounds further support their role as environmentally friendly solvents in
accordance with green chemistry principles. In parallel, the development of DESs is increas-
ingly shifting from conventional trial-and-error experimentation toward reverse design
strategies that combine computational modeling with advanced computing tools to tailor
solvents for specific extraction purposes [154]. This transition improves control over the
physicochemical properties of DESs while supporting green chemistry goals through the
replacement of conventional volatile organic solvents with safer and more biodegradable
alternatives [155]. Recent advances in supramolecular DES systems have also focused
on overcoming persistent limitations, such as high viscosity and excessive hydrophilicity,
through targeted modifications that improve analyte solubility and facilitate industrial-scale
applications [156]. However, challenges remain, particularly regarding solvent viscosity
and inefficient recycling in biomass-related processes. To improve large-scale sustainability,
innovative recovery approaches, including anti-solvent precipitation and macroporous
resin adsorption, are being explored [157,158].

One recent investigation has critically questioned the common perception that deep
eutectic solvents (DESs) are inherently green and environmentally benign. The study
emphasizes that the sustainability profile of DESs is more complex than generally assumed,
since strong interactions between components can significantly modify their physicochemi-
cal behavior and toxicological impact, sometimes leading to biological effects that differ
from those of the individual constituents. As a result, each DES system should be individu-
ally assessed for safety rather than assuming low toxicity or inherent biodegradability [16].
This viewpoint is further supported by several experimental studies employing different
biological evaluation models. For instance, RadoSevic et al. [159] examined the toxicity and
biodegradability of choline chloride-based DESs and demonstrated that their biological
effects are strongly influenced by the nature of the hydrogen bond donor and the overall
DES composition, rather than the properties of the individual components alone. Likewise,
Wen et al. [160] investigated a range of DES formulations and reported that their environ-
mental safety cannot be generalized, as certain systems may exhibit higher-than-expected
toxicity depending on their specific composition.

At the cellular level, Hayyan et al. [161] examined the cytotoxic effects of natural deep
eutectic solvents using mammalian cell-based models and showed that even NADESs
composed of naturally derived components can exhibit concentration-dependent toxicity.
Macario et al. [162] further assessed the cytotoxicity of DESs on human skin-associated cell
lines, including keratinocytes, which is particularly relevant for applications in cosmetics,
pharmaceuticals, and dermal exposure scenarios. Their results demonstrated that the
observed toxicity is strongly dependent on both the composition and concentration of the
DES, reinforcing the necessity of evaluating each system individually for safety purposes.

In addition to cytotoxicity assessments, several studies have also explored the an-
timicrobial and ecotoxicological behavior of DESs. Radosevi¢ et al. [163] investigated the
antimicrobial, cytotoxic, and antioxidant activities of NADES formulations and reported
that the biological responses vary significantly depending on both the solvent composition
and the type of organism tested. Torregrosa-Crespo et al. [164] suggested that conventional
toxicity evaluation methods may not be fully suitable for DES systems, as their high viscos-
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ity, acidity or basicity, and extensive hydrogen-bonding interactions can potentially affect
the reliability of standard bioassays. Accordingly, they emphasized the need to establish
dedicated toxicity assessment protocols specifically tailored for DES-based materials.

More recent review articles have further emphasized the complex and sometimes
inconsistent nature of reported DES toxicity data. Lomba et al. [165] analyzed both human
and environmental toxicity studies and concluded that the toxicological behavior of DESs
is governed by multiple parameters, including the structure of the hydrogen bond accep-
tor/donor, molar ratio, pH, organic acid content, and interactions between components.
Martinez et al. [166] similarly argued that DESs should not be automatically regarded
as non-toxic or inherently green, since the observed toxicity is highly dependent on the
biological system employed and the experimental methodology applied. Furthermore,
Nejrotti et al. [16] conducted a detailed assessment of six choline chloride-based DES for-
mulations and demonstrated that evaluating sustainability requires an integrated approach
that accounts not only for toxicity, but also for biodegradability, physicochemical properties,
and environmental persistence.

Overall, the available evidence indicates that the safety and sustainability of deep
eutectic solvents (DESs) cannot be universally assumed and must instead be assessed
individually for each specific formulation, rather than inferred from the benign nature
of their constituent compounds. A robust safety evaluation should therefore integrate a
wide range of biological and environmental criteria, such as bacterial toxicity, mammalian
and skin-cell cytotoxicity, biodegradability, bioaccumulation tendency, acute toxicity, and
overall ecotoxicological impact. In addition, future work should aim to minimize current
knowledge gaps by developing standardized assessment protocols and conducting sys-
tematic studies of key physicochemical and environmental parameters, including vapor
pressure, surface tension, and long-term ecological effects, to enable safer and more reliable
industrial application of DESs [156,157,167].

6. Conclusions

This comprehensive review highlights the significant role of deep eutectic solvents
(DESs) in advancing analytical extraction methods. Owing to their tunable properties,
these solvents can be tailored to meet the requirements of specific analytes, helping to
overcome many of the limitations associated with conventional extraction systems. Their
simple preparation, relatively low cost, and biodegradable nature make DESs attractive
green alternatives to hazardous organic solvents, supporting the principles of sustainable
chemistry. The review also demonstrates the broad applicability of DESs across different
extraction techniques, ranging from microextraction methods to larger-scale processes,
where they contribute to improved extraction efficiency, selectivity, and environmental
sustainability. In particular, their application in liquid-liquid extraction and dispersive
liquid-liquid microextraction has enhanced analyte recovery and enrichment while re-
ducing the need for conventional organic solvents. Nevertheless, important challenges
remain, especially regarding the limited understanding of the long-term environmental
behavior, toxicity, and regulatory considerations associated with DESs, all of which must
be addressed before large-scale commercial implementation becomes feasible. Future re-
search should therefore focus on establishing standardized toxicity evaluation methods,
developing clear regulatory frameworks for safe industrial application, and expanding
thermodynamic databases supported by machine learning approaches to accelerate the
rational design of task-specific DESs.

Author Contributions: Conceptualization: SSM.A. and A.M.A.-D.; software, SM.A. and AM.A.-D,;
validation, S.M.A.; formal analysis, S.M.A.; investigation, S.M.A; resources, SM.A. and AM.A.-D,;
data curation, S.M.A. and A.M.A.-D.; writing—original draft preparation, S.M.A.; writing—review

https://doi.org/10.3390/suschem7030033


https://doi.org/10.3390/suschem7030033

Sustain. Chem. 2026, 7, 33 24 of 32

and editing, SM.A. and A.M.A.-D; visualization, S.M.A. and A.M.A.-D_; supervision, S.M.A.; project
administration, S.M.A; funding acquisition, S.M.A. All authors have read and agreed to the published

version of the manuscript.
Funding: This research received no external funding.
Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Badawy, M.E.L; El-Nouby, M.A.M.; Kimani, PX.; Lim, L.W.; Rabea, E.I. A Review of the Modern Principles and Applications of
Solid-Phase Extraction Techniques in Chromatographic Analysis. Anal. Sci. 2022, 38, 1457-1487. [CrossRef] [PubMed]

Raposo, E; Barcel6, D. Challenges and Strategies of Matrix Effects Using Chromatography-Mass Spectrometry: An Overview
from Research versus Regulatory Viewpoints. TrAC Trends Anal. Chem. 2021, 134, 116068. [CrossRef]

Wang, T. Food Monitoring by Untargeted Screening with Semi Quantification—Feasibility Study on Analysis of Ce-
reals and Honey. Ph.D. Thesis, Technical University of Denmark, Lundtofte, Denmark, 2020. Available online:
https:/ /orbit.dtu.dk/en/publications/food-monitoring-by-untargeted-screening-with-semi-quantification-/ (accessed on 20
January 2026).

Pighin, A.F,; Rigacci, L.N.; Camilli, E.; Chirillano, A.C.; Cufré, ].A.; Villanueva, M.E. Extraction Techniques in Green Analytical
Chemistry. In Advanced Pharmacy; Bentham Science Publishers: Sharjah, United Arab Emirates, 2023; pp. 330-364. [CrossRef]
Panda, S.; Gorantla, S. Green Analytical Approaches and Eco-Friendly Solvents: Advancing Industrial Applications and
Environmental Sustainability: A Comprehensive Review. Orient. . Chem. 2025, 41, 616-627. [CrossRef]

Svarc-Gaji¢, J.; Morais, S. Recent Advances in the Development and Application of Green Extraction Techniques. Appl. Sci. 2022,
12,10510. [CrossRef]

Pena-Pereira, F; Kloskowski, A.; Namiesnik, J. Perspectives on the Replacement of Harmful Organic Solvents in Analytical
Methodologies: A Framework toward the Implementation of a Generation of Eco-Friendly Alternatives. Green Chem. 2015,
17,3687-3705. [CrossRef]

Cheriyan, B.V.; Karunakar, K.K.; Anandakumar, R.; Murugathirumal, A.; Kumar, A.S. Eco-Friendly Extraction Technologies: A
Comprehensive Review of Modern Green Analytical Methods. Sustain. Chem. Clim. Action 2025, 6, 100054. [CrossRef]

Alanazi, T.Y.A.; Adel Pashameah, R.; Binsaleh, A.Y.; Mohamed, A.M.; Ahmed, A .H.; Nassar, FH. Condition Optimization of
Eco-Friendly RP-HPLC and MCR Methods via Box-Behnken Design and Six Sigma Approach for Detecting Antibiotic Residues.
Sci. Rep. 2023, 13, 15729. [CrossRef] [PubMed]

Gongalves, A.R.P; Paredes, X.; Cristino, A.F,; Santos, F].V.; Queirés, C.S.G.P. Ionic Liquids—A Review of Their Toxicity to Living
Organisms. Int. . Mol. Sci. 2021, 22, 5612. [CrossRef] [PubMed]

El Achkar, T.; Greige-Gerges, H.; Fourmentin, S. Basics and Properties of Deep Eutectic Solvents: A Review. Environ. Chem. Lett.
2021, 19, 3397-3408. [CrossRef]

Osiecka, D.; Vakh, C.; Makos-Chelstowska, P.; Kubica, P. Plant-Based Meat Substitute Analysis Using Microextraction with Deep
Eutectic Solvent Followed by LC-MS/MS to Determine Acrylamide, 5-Hydroxymethylfurfural and Furaneol. Anal. Bioanal. Chem.
2023, 416, 1117-1126. [CrossRef] [PubMed]

Suthar, P; Kaushal, M.; Vaidya, D.; Thakur, M.; Chauhan, P.; Angmo, D.; Kashyap, S.; Negi, N. Deep Eutectic Solvents (DES): An
Update on the Applications in Food Sectors. J. Agric. Food Res. 2023, 14, 100678. [CrossRef]

Chevé-Kools, E.; Choi, Y.H.; Roullier, C.; Ruprich-Robert, G.; Grougnet, R.; Chapeland-Leclerc, F.; Hollmann, F. Natural Deep
Eutectic Solvents (NaDES): Green Solvents for Pharmaceutical Applications and Beyond. Green Chem. 2025, 27, 8360-8385.
[CrossRef] [PubMed]

Rente, D.; Cvjetko Bubalo, M.; Pani¢, M.; Paiva, A.; Caprin, B.; Radoj¢i¢ Redovnikovi¢, I.; Duarte, A.R.C. Review of Deep Eutectic
Systems from Laboratory to Industry, Taking the Application in the Cosmetics Industry as an Example. J. Clean. Prod. 2022,
380, 135147. [CrossRef]

Nejrotti, S.; Antenucci, A.; Pontremoli, C.; Gontrani, L.; Barbero, N.; Carbone, M.; Bonomo, M. Critical Assessment of the
Sustainability of Deep Eutectic Solvents: A Case Study on Six Choline Chloride-Based Mixtures. ACS Omega 2022, 7, 47449-47461.
[CrossRef] [PubMed]

Prabhune, A.; Dey, R. Green and Sustainable Solvents of the Future: Deep Eutectic Solvents. J. Mol. Liq. 2023, 379, 121676.
[CrossRef]

Zhang, Q.; De Oliveira Vigier, K.; Royer, S.; Jérome, F. Deep Eutectic Solvents: Syntheses, Properties and Applications. Chem. Soc.
Rev. 2012, 41, 7108-7146. [CrossRef] [PubMed]

https://doi.org/10.3390/suschem7030033


https://doi.org/10.1007/S44211-022-00190-8
https://www.ncbi.nlm.nih.gov/pubmed/36198988
https://doi.org/10.1016/J.TRAC.2020.116068
https://orbit.dtu.dk/en/publications/food-monitoring-by-untargeted-screening-with-semi-quantification-/
https://doi.org/10.2174/9789815049428123010015
https://doi.org/10.13005/OJC/410231
https://doi.org/10.3390/APP122010510
https://doi.org/10.1039/C5GC00611B
https://doi.org/10.1016/J.SCCA.2024.100054
https://doi.org/10.1038/s41598-023-40010-1
https://www.ncbi.nlm.nih.gov/pubmed/37735531
https://doi.org/10.3390/IJMS22115612
https://www.ncbi.nlm.nih.gov/pubmed/34070636
https://doi.org/10.1007/S10311-021-01225-8
https://doi.org/10.1007/S00216-023-05107-6
https://www.ncbi.nlm.nih.gov/pubmed/38123751
https://doi.org/10.1016/J.JAFR.2023.100678
https://doi.org/10.1039/D4GC06386D
https://www.ncbi.nlm.nih.gov/pubmed/40352814
https://doi.org/10.1016/J.JCLEPRO.2022.135147
https://doi.org/10.1021/ACSOMEGA.2C06140
https://www.ncbi.nlm.nih.gov/pubmed/36591154
https://doi.org/10.1016/J.MOLLIQ.2023.121676
https://doi.org/10.1039/C2CS35178A
https://www.ncbi.nlm.nih.gov/pubmed/22806597
https://doi.org/10.3390/suschem7030033

Sustain. Chem. 2026, 7, 33 25 of 32

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Meneses, L.; Santos, F.; Gameiro, A.R.; Paiva, A.; Duarte, A.R.C. Preparation of Binary and Ternary Deep Eutectic Systems. J. Vis.
Exp. 2019, 2019, e60326. [CrossRef] [PubMed]

Kaul, M.J.; Qadah, D.; Mandella, V.; Dietz, M.L. Systematic Evaluation of Hydrophobic Deep-Melting Eutectics as Alternative
Solvents for the Extraction of Organic Solutes from Aqueous Solution. RSC Adv. 2019, 9, 15798-15804. [CrossRef] [PubMed]
Pisano, PL.; Espino, M.; Ferndndez, M.d.1.A.; Silva, M.E; Olivieri, A.C. Structural Analysis of Natural Deep Eutectic Solvents.
Theoretical and Experimental Study. Microchem. J. 2018, 143, 252-258. [CrossRef]

Abbott, A.P,; Boothby, D.; Capper, G.; Davies, D.L.; Rasheed, R.K. Deep Eutectic Solvents Formed between Choline Chloride and
Carboxylic Acids: Versatile Alternatives to Ionic Liquids. J. Am. Chem. Soc. 2004, 126, 9142-9147. [CrossRef] [PubMed]

Farooq, M.Q.; Odugbesi, G.A.; Abbasi, N.M.; Anderson, J.L. Elucidating the Role of Hydrogen Bond Donor and Acceptor on
Solvation in Deep Eutectic Solvents Formed by Ammonium /Phosphonium Salts and Carboxylic Acids. ACS Sustain. Chem. Eng.
2020, 8, 18286-18296. [CrossRef]

Jiménez-Amezcua, I.; Lépez Martinez, M.1,; Ruiz Matute, A.I; Sanz, M.L. Natural Deep Eutectic Solvents for Solubility and
Selective Fractionation of Bioactive Low Molecular Weight Carbohydrates. Foods 2023, 12, 4355. [CrossRef] [PubMed]

Ramon, M.R.; Durand, E.; Garcia-Sosa, K.; Pefia-Rodriguez, L.M. Exploring the Potential of Deep Eutectic Solvents (DES) in
Bioactive Natural Product Research: From DES to NaDES, THEDES, and Beyond. Peer] Anal. Chem. 2023, 5, €28. [CrossRef]
Shishov, A.; Volodina, N.; Nechaeva, D.; Gagarinova, S.; Bulatov, A. Deep Eutectic Solvents as a New Kind of Dispersive Solvent
for Dispersive Liquid-Liquid Microextraction. RSC Adv. 2018, 8, 38146-38149. [CrossRef] [PubMed]

Aguirre, M.A.; Canals, A. Magnetic Deep Eutectic Solvents in Microextraction Techniques. TrAC Trends Anal. Chem. 2022,
146, 116500. [CrossRef]

Devi, M.; Moral, R,; Thakuria, S.; Mitra, A.; Paul, S. Hydrophobic Deep Eutectic Solvents as Greener Substitutes for Conventional
Extraction Media: Examples and Techniques. ACS Omega 2023, 8, 9702-9728. [CrossRef] [PubMed]

El-Deen, A K.; Shimizu, K. Deep Eutectic Solvents as Promising Green Solvents in Dispersive Liquid-Liquid Microextraction
Based on Solidification of Floating Organic Droplet: Recent Applications, Challenges and Future Perspectives. Molecules 2021,
26, 7406. [CrossRef] [PubMed]

Plastiras, O.E.; Andreasidou, E.; Samanidou, V. Microextraction Techniques with Deep Eutectic Solvents. Molecules 2020, 25, 6026.
[CrossRef] [PubMed]

Kyriakoudi, A.; Radoj¢i¢ Redovnikovi¢, I.; Vidovi¢, S.; Radosevi¢, K.; Andreou, T.; Mourtzinos, I.; Cvjetko Bubalo, M. Coupling
Deep Eutectic Solvents with Innovative Extraction Techniques towards Plant Derived Bioactive Compositions. RSC Sustain. 2024,
2,1675-1691. [CrossRef]

Garofuli’c, G.; Repaji'c, M.R; Lee, E.J.; Yoon, K.Y;; Lee, E.J.; Yoon, K.Y. Optimization of Deep Eutectic Solvent-Based Ultrasound-
Assisted Extraction of Bioactive Compounds from Maca Leaves Using the Taguchi Method. Molecules 2025, 30, 1635. [CrossRef]
[PubMed]

Duarte, H.; Gomes, V.; Aliafio-Gonzélez, M.].; Faleiro, L.; Romano, A.; Medronho, B. Ultrasound-Assisted Extraction of
Polyphenols from Maritime Pine Residues with Deep Eutectic Solvents. Foods 2022, 11, 3754. [CrossRef] [PubMed]

Wang, J.; Jing, W.; Tian, H.; Liu, M.; Yan, H.; Bi, W.; Chen, D.D.Y. Investigation of Deep Eutectic Solvent-Based Microwave-Assisted
Extraction and Efficient Recovery of Natural Products. ACS Sustain. Chem. Eng. 2020, 8, 12080-12088. [CrossRef]

Mateo, S.; Fabbrizi, G.; Chapeta, M.R.; Moya, A.]. Optimization of Microwave-Assisted Organosolv Cellulose Recovery from
Olive-Tree Pruning with Three Different Solvents. Appl. Sci. 2024, 14, 10670. [CrossRef]

Siekierka, A.; Callahan, D.L.; Kujawski, W.; Dumée, L.F. Deep Eutectic Solvent Assisted Electrodialysis towards Selective Resource
Recovery from Model Spent Batteries Effluents. Desalination 2024, 580, 117559. [CrossRef]

Almeida, J.; Craveiro, R.; Faria, P; Silva, A.S.; Mateus, E.P; Barreiros, S.; Paiva, A.; Ribeiro, A.B. Electrodialytic Removal
of Tungsten and Arsenic from Secondary Mine Resources—Deep Eutectic Solvents Enhancement. Sci. Total Environ. 2020,
710, 136364. [CrossRef] [PubMed]

Ridha, R.K; Alasady, D.H.; Azooz, E.A.; Mortada, W.I. Rapid Synergistic Cloud Point Extraction Based on Hydrophobic Deep
Eutectic Solvent Combined with Hydride Generation Atomic Absorption Spectrometry for Determination of Selenium in Tea
Samples. J. Food Compos. Anal. 2024, 132, 106286. [CrossRef]

Niu, R.; Qin, H.; Tao, Y.; Li, L.; Qiao, L. In Situ Formation of Deep Eutectic Solvents Based Dispersive Liquid-Liquid Microextrac-
tion for the Enrichment of Trace Phthalate Esters in Aqueous Samples. Microchem. J. 2023, 189, 108537. [CrossRef]
Cannavacciuolo, C.; Pagliari, S.; Frigerio, J.; Giustra, C.M.; Labra, M.; Campone, L. Natural Deep Eutectic Solvents (NADESs)
Combined with Sustainable Extraction Techniques: A Review of the Green Chemistry Approach in Food Analysis. Foods 2022,
12, 56. [CrossRef] [PubMed]

Plastiras, O.-E.; Samanidou, V. Applications of Deep Eutectic Solvents in Sample Preparation and Extraction of Organic Molecules.
Molecules 2022, 27,7699. [CrossRef] [PubMed]

https://doi.org/10.3390/suschem?7030033


https://doi.org/10.3791/60326
https://www.ncbi.nlm.nih.gov/pubmed/31736490
https://doi.org/10.1039/C9RA01596E
https://www.ncbi.nlm.nih.gov/pubmed/35521383
https://doi.org/10.1016/J.MICROC.2018.08.016
https://doi.org/10.1021/JA048266J
https://www.ncbi.nlm.nih.gov/pubmed/15264850
https://doi.org/10.1021/ACSSUSCHEMENG.0C06926
https://doi.org/10.3390/FOODS12234355
https://www.ncbi.nlm.nih.gov/pubmed/38231866
https://doi.org/10.7717/PEERJ-ACHEM.28
https://doi.org/10.1039/C8RA07300G
https://www.ncbi.nlm.nih.gov/pubmed/35559074
https://doi.org/10.1016/J.TRAC.2021.116500
https://doi.org/10.1021/ACSOMEGA.2C07684
https://www.ncbi.nlm.nih.gov/pubmed/36969397
https://doi.org/10.3390/MOLECULES26237406
https://www.ncbi.nlm.nih.gov/pubmed/34885987
https://doi.org/10.3390/MOLECULES25246026
https://www.ncbi.nlm.nih.gov/pubmed/33352701
https://doi.org/10.1039/D4SU00111G
https://doi.org/10.3390/molecules30071635
https://www.ncbi.nlm.nih.gov/pubmed/40286259
https://doi.org/10.3390/FOODS11233754
https://www.ncbi.nlm.nih.gov/pubmed/36496562
https://doi.org/10.1021/ACSSUSCHEMENG.0C03393
https://doi.org/10.3390/APP142210670
https://doi.org/10.1016/J.DESAL.2024.117559
https://doi.org/10.1016/J.SCITOTENV.2019.136364
https://www.ncbi.nlm.nih.gov/pubmed/31926419
https://doi.org/10.1016/J.JFCA.2024.106286
https://doi.org/10.1016/J.MICROC.2023.108537
https://doi.org/10.3390/FOODS12010056
https://www.ncbi.nlm.nih.gov/pubmed/36613272
https://doi.org/10.3390/MOLECULES27227699
https://www.ncbi.nlm.nih.gov/pubmed/36431799
https://doi.org/10.3390/suschem7030033

Sustain. Chem. 2026, 7, 33 26 of 32

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Abdelwahed, ET.; Mortada, W.L; Eltabey, R.M. A New Surfactant-Based Hydrophobic Deep Eutectic Solvent for Microextraction
and Spectrophotometric Determination of Rhodamine B and Allura Red in Real Samples. Microchem. ]. 2025, 215, 114273.
[CrossRef]

Rageh, A.H.; Abdel-aal, EA.M.; Farrag, S.A.; Ali, AM.B.H. A Surfactant-Based Quasi-Hydrophobic Deep Eutectic Solvent
for Dispersive Liquid-Liquid Microextraction of Gliflozins from Environmental Water Samples Using UHPLC/Fluorescence
Detection. Talanta 2024, 266, 124950. [CrossRef] [PubMed]

Faraji, M. Determination of Some Red Dyes in Food Samples Using a Hydrophobic Deep Eutectic Solvent-Based Vortex Assisted
Dispersive Liquid-Liquid Microextraction Coupled with High Performance Liquid Chromatography. J. Chromatogr. A 2019,
1591, 15-23. [CrossRef] [PubMed]

Altunay, N.; Elik, A ; Giirkan, R. Innovative and Practical Deep Eutectic Solvent Based Vortex Assisted Microextraction Procedure
for Separation and Preconcentration of Low Levels of Arsenic and Antimony from Sample Matrix Prior to Analysis by Hydride
Generation-Atomic Absorption Spectrometry. Food Chem. 2019, 293, 378-386. [CrossRef] [PubMed]

Deng, W.; Yu, L.; Li, X,; Chen, ].; Wang, X.; Deng, Z.; Xiao, Y. Hexafluoroisopropanol-Based Hydrophobic Deep Eutectic Solvents
for Dispersive Liquid-Liquid Microextraction of Pyrethroids in Tea Beverages and Fruit Juices. Food Chem. 2019, 274, 891-899.
[CrossRef] [PubMed]

Torbati, M.; Farajzadeh, M.A.; Mogaddam, M.R.A.; Torbati, M. Deep Eutectic Solvent Based Homogeneous Liquid-Liquid
Extraction Coupled with in-Syringe Dispersive Liquid-Liquid Microextraction Performed in Narrow Tube; Application in
Extraction and Preconcentration of Some Herbicides from Tea. |. Sep. Sci. 2019, 42, 1768-1776. [CrossRef] [PubMed]

Liu, X,; Liu, C; Qian, H.; Qu, Y.; Zhang, S.; Lu, R.; Gao, H.; Zhou, W. Ultrasound-Assisted Dispersive Liquid-Liquid Microextrac-
tion Based on a Hydrophobic Deep Eutectic Solvent for the Preconcentration of Pyrethroid Insecticides Prior to Determination by
High-Performance Liquid Chromatography. Microchem. J. 2019, 146, 614-621. [CrossRef]

Naeemullah; Tuzen, M. A New Robust, Deep Eutectic-Based Floating Organic Droplets Microextraction Method for Determination
of Lead in a Portable Syringe System Directly Couple with FAAS. Talanta 2019, 196, 71-77. [CrossRef] [PubMed]

Shirani, M.; Habibollahi, S.; Akbari, A. Centrifuge-Less Deep Eutectic Solvent Based Magnetic Nanofluid-Linked Air-Agitated
Liquid-Liquid Microextraction Coupled with Electrothermal Atomic Absorption Spectrometry for Simultaneous Determination of
Cadmium, Lead, Copper, and Arsenic in Food Samples and Non-Alcoholic Beverages. Food Chem. 2019, 281, 304-311. [CrossRef]
[PubMed]

Qian, H.; Yang, Q.; Qu, Y.; Ju, Z.; Zhou, W.; Gao, H. Hydrophobic Deep Eutectic Solvents Based Membrane Emulsification-Assisted
Liquid-Phase Microextraction Method for Determination of Pyrethroids in Tea Beverages. |. Chromatogr. A 2020, 1623, 461204.
[CrossRef] [PubMed]

Habila, M.A.; AlMasoud, N.; Alomar, T.S.; AlOthman, Z.A.; Yilmaz, E.; Soylak, M. Deep Eutectic Solvent-Based Microextraction
of Lead(II) Traces from Water and Aqueous Extracts before FAAS Measurements. Molecules 2020, 25, 4794. [CrossRef] [PubMed]
Shishov, A.; Terno, P.; Moskvin, L.; Bulatov, A. In-Syringe Dispersive Liquid-Liquid Microextraction Using Deep Eutectic Solvent
as Disperser: Determination of Chromium (VI) in Beverages. Talanta 2020, 206, 120209. [CrossRef] [PubMed]

Jouyban, A ; Farajzadeh, M.A.; Afshar Mogaddam, M.R. In Matrix Formation of Deep Eutectic Solvent Used in Liquid Phase Ex-
traction Coupled with Solidification of Organic Droplets Dispersive Liquid-Liquid Microextraction; Application in Determination
of Some Pesticides in Milk Samples. Talanta 2020, 206, 120169. [CrossRef] [PubMed]

Sorouraddin, S.M.; Farajzadeh, M.A.; Dastoori, H. Development of a Dispersive Liquid-Liquid Microextraction Method Based on
a Ternary Deep Eutectic Solvent as Chelating Agent and Extraction Solvent for Preconcentration of Heavy Metals from Milk
Samples. Talanta 2020, 208, 120485. [CrossRef] [PubMed]

Li, T; Song, Y.; Li, J.; Zhang, M.; Shi, Y.; Fan, ]. New Low Viscous Hydrophobic Deep Eutectic Solvents in Vortex-Assisted Liquid-
Liquid Microextraction for the Determination of Phthalate Esters from Food-Contacted Plastics. Food Chem. 2020, 309, 125752.
[CrossRef] [PubMed]

Wu, B.; Guo, Z,; Li, X,; Huang, X.; Teng, C.; Chen, Z,; Jing, X.; Zhao, W. Analysis of Pyrethroids in Cereals by HPLC with a Deep
Eutectic Solvent-Based Dispersive Liquid-Liquid Microextraction with Solidification of Floating Organic Droplets. Anal. Methods
2021, 13, 636—641. [CrossRef] [PubMed]

Lin, Z.; Zhang, Y.; Zhao, Q.; Chen, A; Jiao, B. Ultrasound-Assisted Dispersive Liquid-Phase Microextraction by Solidifying
L-Menthol-Decanoic Acid Hydrophobic Deep Eutectic Solvents for Detection of Five Fungicides in Fruit Juices and Tea Drinks.
J. Sep. Sci. 2021, 44, 3870-3882. [CrossRef] [PubMed]

Chen, J.; Li, X.; Huang, A.; Deng, W.; Xiao, Y. Nonionic Surfactants Based Hydrophobic Deep Eutectic Solvents for Liquid-Liquid
Microextraction of Sudan Dyes in Tomato Chili Sauces. Food Chem. 2021, 364, 130373. [CrossRef] [PubMed]

Zhang, K.; Wang, Y,; Li, S.; Zhu, G. Air-Assisted Liquid-Liquid Microextraction Based on the Solidification of Floating Deep
Eutectic Solvents for the Simultaneous Determination of Bisphenols and Polycyclic Aromatic Hydrocarbons in Tea Infusions via
HPLC. Food Chem. 2021, 348, 129106. [CrossRef] [PubMed]

https://doi.org/10.3390/suschem?7030033


https://doi.org/10.1016/J.MICROC.2025.114273
https://doi.org/10.1016/J.TALANTA.2023.124950
https://www.ncbi.nlm.nih.gov/pubmed/37524041
https://doi.org/10.1016/J.CHROMA.2019.01.022
https://www.ncbi.nlm.nih.gov/pubmed/30651206
https://doi.org/10.1016/J.FOODCHEM.2019.05.019
https://www.ncbi.nlm.nih.gov/pubmed/31151625
https://doi.org/10.1016/J.FOODCHEM.2018.09.048
https://www.ncbi.nlm.nih.gov/pubmed/30373025
https://doi.org/10.1002/JSSC.201801016
https://www.ncbi.nlm.nih.gov/pubmed/30809926
https://doi.org/10.1016/J.MICROC.2019.01.048
https://doi.org/10.1016/j.talanta.2018.12.027
https://www.ncbi.nlm.nih.gov/pubmed/30683413
https://doi.org/10.1016/J.FOODCHEM.2018.12.110
https://www.ncbi.nlm.nih.gov/pubmed/30658761
https://doi.org/10.1016/J.CHROMA.2020.461204
https://www.ncbi.nlm.nih.gov/pubmed/32505292
https://doi.org/10.3390/MOLECULES25204794
https://www.ncbi.nlm.nih.gov/pubmed/33086622
https://doi.org/10.1016/J.TALANTA.2019.120209
https://www.ncbi.nlm.nih.gov/pubmed/31514865
https://doi.org/10.1016/J.TALANTA.2019.120169
https://www.ncbi.nlm.nih.gov/pubmed/31514834
https://doi.org/10.1016/J.TALANTA.2019.120485
https://www.ncbi.nlm.nih.gov/pubmed/31816735
https://doi.org/10.1016/J.FOODCHEM.2019.125752
https://www.ncbi.nlm.nih.gov/pubmed/31670128
https://doi.org/10.1039/D0AY02121K
https://www.ncbi.nlm.nih.gov/pubmed/33491682
https://doi.org/10.1002/JSSC.202100590
https://www.ncbi.nlm.nih.gov/pubmed/34418890
https://doi.org/10.1016/J.FOODCHEM.2021.130373
https://www.ncbi.nlm.nih.gov/pubmed/34182367
https://doi.org/10.1016/J.FOODCHEM.2021.129106
https://www.ncbi.nlm.nih.gov/pubmed/33516999
https://doi.org/10.3390/suschem7030033

Sustain. Chem. 2026, 7, 33 27 of 32

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Ji, Y;; Zhao, M.; Li, A.; Zhao, L. Hydrophobic Deep Eutectic Solvent-Based Ultrasonic-Assisted Dispersive Liquid-Liquid
Microextraction for Preconcentration and Determination of Trace Cadmium and Arsenic in Wine Samples. Microchem. J. 2021,
164, 105974. [CrossRef]

Ahmadi-Jouibari, T.; Noori, N.; Fattahi, N. Assessment of Toxic Metal Ions in Tea Samples Using New Microextraction Technique
Based on the Solidified Deep Eutectic Solvent Followed by GFAAS. Toxin Rev. 2021, 40, 1084-1093. [CrossRef]

Santana-Mayor, A; Herrera-Herrera, A.V,; Rodriguez-Ramos, R.; Socas-Rodriguez, B.; Rodriguez-Delgado, M.A. Development of
a Green Alternative Vortex-Assisted Dispersive Liquid-Liquid Microextraction Based on Natural Hydrophobic Deep Eutectic
Solvents for the Analysis of Phthalate Esters in Soft Drinks. ACS Sustain. Chem. Eng. 2021, 9, 2161-2170. [CrossRef]

Fanali, C.; Gallo, V.; Posta, S.D.; Dugo, L.; Mazzeo, L.; Cocchi, M.; Piemonte, V.; De Gara, L. Choline Chloride-Lactic Acid-
Based NADES As an Extraction Medium in a Response Surface Methodology-Optimized Method for the Extraction of Phenolic
Compounds from Hazelnut Skin. Molecules 2021, 26, 2652. [CrossRef] [PubMed]

Rashid, S.N.; Hizaddin, H.F,; Hayyan, A.; Hasikin, K.; Abdul Razak, S.; Mokhtar, M.I.; Azizan, M.M. Deep Eutectic Solvents for
the Removal of Lead Contaminants in Mangrove Soil. J. Environ. Chem. Eng. 2022, 10, 107264. [CrossRef]

Bosco, D.; Mariani, C.; Gentili, F; Eutectic, A.H.; Dal Bosco, C.; Mariani, F.; Gentili, A. Hydrophobic Eutectic Solvent-Based
Dispersive Liquid-Liquid Microextraction Applied to the Analysis of Pesticides in Wine. Molecules 2022, 27, 908. [CrossRef]
[PubMed]

Elencovan, V.; Joseph, J.; Yahaya, N.; Abdul Samad, N.; Raoov, M.; Lim, V.; Zain, N.N.M. Exploring a Novel Deep Eutectic
Solvents Combined with Vortex Assisted Dispersive Liquid-Liquid Microextraction and Its Toxicity for Organophosphorus
Pesticides Analysis from Honey and Fruit Samples. Food Chem. 2022, 368, 130835. [CrossRef] [PubMed]

Wang, M.; Zhao, L.; Niu, Y.; Qin, S.; Zhang, L.; Jia, L.; Jing, X. Magnetic Deep Eutectic Solvent-Based Dispersive Liquid-
Liquid Microextraction for Determination of Strobilurin Fungicides in Water, Juice, and Vinegar by High-Performance Liquid
Chromatography. Food Chem. X 2023, 18, 100711. [CrossRef] [PubMed]

Peng, C.; Hu, J.; Li, X. Analysis of Polycyclic Aromatic Hydrocarbons in Water Samples Using Deep Eutectic Solvent as a
Dispersant in Dispersive Liquid-Liquid Microextraction Based on the Solidification of Floating Organic Droplet. Water 2023,
15,2579. [CrossRef]

Elik, A.; Fesliyan, S.; Giirsoy, N.; Haq, H.U.; Castro-Mufioz, R.; Altunay, N. An Air-Assisted Dispersive Liquid Phase Microextrac-
tion Method Based on a Hydrophobic Magnetic Deep Eutectic Solvent for the Extraction and Preconcentration of Melamine from
Milk and Milk-Based Products. Food Chem. 2023, 426, 136573. [CrossRef] [PubMed]

Yang, H.; Li, J.; Mao, J.; Xu, C.; Song, J.; Xie, E. Deep Eutectic Solvent-Based Dispersive Liquid-Liquid Microextraction Coupled
with LC-MS/MS for the Analysis of Two Ochratoxins in Capsicum. Molecules 2023, 28, 7634. [CrossRef] [PubMed]

Ripoll, L.; Rayos, J.; Aguirre, M.A.; Vidal, L.; Canals, A. Natural Deep Eutectic Solvent-Based Microextraction for Mercury
Speciation in Water Samples. Anal. Bioanal. Chem. 2023, 415, 4435-4444. [CrossRef] [PubMed]

Chaikhan, P.; Udnan, Y.; Ampiah-Bonney, R.J.; Chaiyasith, W.C. Deep Eutectic Solvent-Based Electromembrane Hollow Fiber
Liquid Phase Microextraction for Determining Pb in Water and Food Samples. J. Food Compos. Anal. 2023, 118, 105214. [CrossRef]
Guo, K,; Wu, X,; Zhang, E; Cao, Y.; Tan, Z.; Xiao, S.; Wu, L. Deep Eutectic Solvents-Based Ultrasonic-Assisted Dispersive
Liquid-Liquid Microextraction for the Determination of Organophosphorus Pesticides in Honeysuckle Dew Samples. Molecules
2024, 29, 3423. [CrossRef] [PubMed]

Elik, A.; Haq, H.U.; Boczkaj, G.; Fesliyan, S.; Ablak, 0. Altunay, N. Magnetic Hydrophobic Deep Eutectic Solvents for Orbital
Shaker-Assisted Dispersive Liquid-Liquid Microextraction (MAGDES-OS-DLLME)—Determination of Nickel and Copper in
Food and Water Samples by FAAS. J. Food Compos. Anal. 2024, 125, 105843. [CrossRef]

Mafakheri, N.; Shamsipur, M.; Babajani, N. Development of a Dispersive Liquid—-Liquid Microextraction Procedure Based on
a Natural Deep Eutectic Solvent for Ligand-Less Preconcentration and Determination of Heavy Metals from Water and Food
Samples. Microchem. J. 2024, 199, 110010. [CrossRef]

Goémez-Nieto, B.; Serna-Martin, E.; Gismera, M.].; Sevilla, M.T.; Procopio, ].R. Green Dispersive Liquid-Liquid Microextraction of
Copper and Nickel Using a Dual-Function Hydrophobic Natural Deep Eutectic Solvent for the Analysis of Water Samples. Green
Anal. Chem. 2024, 10, 100124. [CrossRef]

Shrivastava, K.C.; Kumar, K.S.A.; Sengupta, A.; Ali, S.M.; Ramkumar, ]. Reversible Hydrophobic Deep Eutectic Solvent-Based
Uranyl-Sensing Optode Film in Aqueous Streams: Color Transformation and Reusability. Anal. Chem. 2024, 96, 12658-12666.
[CrossRef] [PubMed]

Hadad, A.J.; Affat, S.S. Deep Eutectic Solvents-Based Ultrasonic Assisted Dispersive Liquid-Liquid Micro-Extraction Using
Nanoparticles for Determination of Dyes Pre-Concentration in Water Samples. Asian ]. Green Chem. 2024, 8, 742-761. [CrossRef]
Samanpong, N.; Wongsaipun, S.; Udnan, Y.; Sirikulkajorn, A.; Masawat, P.; Chaiyasith, W.C. Natural Deep Eutectic Based
Dispersive Liquid-Liquid Microextraction and Solidified Floating Organic Drop for Cadmium Determination by Electrothermal
Atomic Absorption Spectrometry with Multivariate Optimization (DLLME-SFOD-NADES-ETAAS). |. Food Compos. Anal. 2024,
136, 106753. [CrossRef]

https://doi.org/10.3390/suschem?7030033


https://doi.org/10.1016/J.MICROC.2021.105974
https://doi.org/10.1080/15569543.2019.1633543
https://doi.org/10.1021/ACSSUSCHEMENG.0C07686
https://doi.org/10.3390/MOLECULES26092652
https://www.ncbi.nlm.nih.gov/pubmed/34062718
https://doi.org/10.1016/J.JECE.2022.107264
https://doi.org/10.3390/MOLECULES27030908
https://www.ncbi.nlm.nih.gov/pubmed/35164176
https://doi.org/10.1016/J.FOODCHEM.2021.130835
https://www.ncbi.nlm.nih.gov/pubmed/34416487
https://doi.org/10.1016/J.FOCHX.2023.100711
https://www.ncbi.nlm.nih.gov/pubmed/37397198
https://doi.org/10.3390/W15142579
https://doi.org/10.1016/J.FOODCHEM.2023.136573
https://www.ncbi.nlm.nih.gov/pubmed/37329792
https://doi.org/10.3390/MOLECULES28227634
https://www.ncbi.nlm.nih.gov/pubmed/38005355
https://doi.org/10.1007/S00216-023-04610-0
https://www.ncbi.nlm.nih.gov/pubmed/36872410
https://doi.org/10.1016/J.JFCA.2023.105214
https://doi.org/10.3390/MOLECULES29143423
https://www.ncbi.nlm.nih.gov/pubmed/39065001
https://doi.org/10.1016/J.JFCA.2023.105843
https://doi.org/10.1016/J.MICROC.2024.110010
https://doi.org/10.1016/J.GREEAC.2024.100124
https://doi.org/10.1021/ACS.ANALCHEM.4C01357
https://www.ncbi.nlm.nih.gov/pubmed/39041178
https://doi.org/10.48309/AJGC.2024.476596.1550
https://doi.org/10.1016/J.JFCA.2024.106753
https://doi.org/10.3390/suschem7030033

Sustain. Chem. 2026, 7, 33 28 of 32

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Subrahanyam Seetha, B.; Mohan Bhandi, M.; Shaikh, A.; Matta, S.; Krishna Reddy Mudiam, M. Natural Hydrophobic Deep
Eutectic Solvent Based Dispersive Liquid-Liquid Microextraction Followed by Liquid Chromatography with Tandem Mass
Spectrometry Analysis of Multi-Class Metabolites of Pesticides, Phthalates, and Polycyclic Aromatic Hydrocarbons in Animal-
Originated Foods. Microchem. J. 2024, 199, 110196. [CrossRef]

Altunay, N.; Lanjwani, M.E; Haq, H.U.; Tuzen, M.; Elik, A. Sensitive Method for Determination of Benzoic Acid in Beverages and
Food Samples Using Air-Assisted Hydrophobic Deep Eutectic Solvent-Based Dispersive Liquid-Liquid Microextraction. Sustain.
Chem. Pharm. 2024, 38, 101464. [CrossRef]

Muradymov, R.; Paul, N.; Kumar Das, N.; Banerjee, T.; Shishov, A. Quasi-Hydrophobic Deep Eutectic Solvents for Simultaneous
Automated Determination of Polar and Non-Polar Dyes in Food Products. Microchem. J. 2024, 206, 111510. [CrossRef]

Zhang, K,; Guo, R;; Wang, Y,; Wang, J.; Nie, Q.; Zhu, G. Terpenes Based Hydrophobic Deep Eutectic Solvents for Dispersive
Liquid-Liquid Microextraction of Aliphatic Aldehydes in Drinking Water and Alcoholic Beverages. Chemosphere 2024, 354, 141706.
[CrossRef] [PubMed]

Peng, C.; Zhang, S.; Li, X. A Novel DLLME Method Involving a Solidifying Hydrophobic Deep Eutectic Solvent Using Hydrophilic
Deep Eutectic Solvent as the Dispersant for the Determination of Polychlorinated Biphenyls in Water Samples. Molecules 2024,
29, 3480. [CrossRef] [PubMed]

Ataee, M.; Ahmadi Jouybari, T.; Ahmadi Jouybari, H.; Hosseini, F.; Fattahi, N. Fatty Acid-Based PH-Switchable Deep Eutectic
Solvents for the Extraction and Preconcentration of Chlorobenzenes From Water Samples Followed by Gas Chromatography—
Electron Capture Detection. Sep. Sci. Plus 2024, 7, €202400123. [CrossRef]

Sengane, M.V,; Sihlahla, M.; Nomngongo, PN.; Mketo, N. Application of Deep Eutectic Solvent Based Dispersive Liquid-Liquid
Microextraction Method Followed by HPLC-DAD for Quantification of Selected Neonicotinoid Pesticides in Vegetable Oils.
Microchem. ]. 2024, 207, 111984. [CrossRef]

Goémez-Nieto, B.; Konomi, A.; Gkotsis, G.; Nika, M.C.; Thomaidis, N.S. Optimization of a Natural-Deep-Eutectic-Solvent-Based
Dispersive Liquid-Liquid Microextraction Method for the Multi-Target Determination of Emerging Contaminants in Wastewater.
Molecules 2025, 30, 2988. [CrossRef] [PubMed]

Volpatto, F; Vitali, L. Development of a New Method Using Dispersive Liquid-Liquid Microextraction with Hydrophobic Natural
Deep Eutectic Solvent for the Analysis of Multiclass Emerging Contaminants in Surface Water by Liquid Chromatography-Mass
Spectrometry. Anal. Methods 2025, 17, 1032-1046. [CrossRef] [PubMed]

Mansourfar, M.; Pezeshki, A.; Ghanbarzadeh, B.; Afshar Mogaddam, M.R. Hydrophobic Deep Eutectic Solvent-Based Liquid—
Liquid Microextraction Method for the Extraction of Dioxin-like Polychlorinated Biphenyls from Mineral Waters Packaged in
Plastic Containers. J. Food Compos. Anal. 2025, 144, 107663. [CrossRef]

Plaza, M.; Marina, M.L. Natural Deep Eutectic Solvents and Ultrasound-Assisted Extraction for the Recovery of Antioxidant
Phenolic Compounds from Orange Pomace. Microchem. J. 2025, 212, 113366. [CrossRef]

Ravi, T,; Reyes—AVila, A.; Carbonell-Rozas, L.; Masri, A.N.; Garrido Frenich, A.; Romero-Gonzélez, R. Green Extraction and
Targeted LC-MS Analysis of Biopesticides in Honey Using Natural Deep Eutectic Solvents. Foods 2025, 14, 3438. [CrossRef]
[PubMed]

Capilla-Flores, R.; Carbonell-Rozas, L.; Lopez-Ruiz, R.; Garrido Frenich, A.; Romero-Gonzilez, R. Natural Deep Eutectic Solvent-
Based Extraction for Isolating Non-Phthalate Plastic Additives from Radish Samples (Raphanus sativus L.). Sustain. Chem. Pharm.
2025, 47,102138. [CrossRef]

Balouch Zehi, Z.; Afshar Mogaddam, M.R.; Torbati, M.; Farajzadeh, M.A. Deep Eutectic Solvent-Based Nanofluid in Vortex-
Assisted Liquid-Liquid Microextraction of Two Antibiotics in Milk: Application of the Method in Evaluating the Effects of
Ultraviolet and Microwave Radiation, as Well as Sonication on Antibiotic Decontamination. Food Chem. X 2025, 32, 103352.
[CrossRef] [PubMed]

Brito, T.A.; Costa, F.S.; Oliveira, R.C.; Amaral, C.D.B.; Labuto, G.; Gonzalez, M.H. Green Extraction Using Natural Deep Eutectic
Solvents for Determination of As, Cd, and Pb in Plant and Food Matrices by ICP-MS. Food Chem. 2025, 464, 141922. [CrossRef]
[PubMed]

Terlizzi, F.; Fernandes, J.O.; Gonzalez, T.; Petrarca, M.H.; Silva, L.d.S.; Lamarca, R.S.; Gonzalez, M.H.; Lapa, R.; Cunha, S.C.
Microextraction of Polycyclic Musks from Surface Water with Deep-Eutectic-Solvent-Coated Membrane Followed by Gas-
Chromatography—Mass Spectrometry Analysis. Chemosensors 2025, 13, 88. [CrossRef]

Yildiz, B.; Durukan, I; Sarag, C. Preconcentration of Silver from Real Mine Wastes Using Deep Eutectic Solvent-Assisted Solidified
Floating Organic Drop Microextraction and Determination by Flame Atomic Absorption Spectrometry. Appl. Sci. 2025, 15, 11629.
[CrossRef]

Ouyang, L.; Liang, W.; Bian, C.; Shan, Y.; Wang, S. Ultrasound-Assisted Green Natural Deep Eutectic Solvent Extraction of
Flavonoids from Wild Blueberry: Process Optimization, Composition Identification, and Antioxidant Activity. Foods 2025,
14, 3325. [CrossRef] [PubMed]

https://doi.org/10.3390/suschem?7030033


https://doi.org/10.1016/J.MICROC.2024.110196
https://doi.org/10.1016/J.SCP.2024.101464
https://doi.org/10.1016/J.MICROC.2024.111510
https://doi.org/10.1016/J.CHEMOSPHERE.2024.141706
https://www.ncbi.nlm.nih.gov/pubmed/38484993
https://doi.org/10.3390/MOLECULES29153480
https://www.ncbi.nlm.nih.gov/pubmed/39124885
https://doi.org/10.1002/sscp.202400123
https://doi.org/10.1016/J.MICROC.2024.111984
https://doi.org/10.3390/MOLECULES30142988
https://www.ncbi.nlm.nih.gov/pubmed/40733256
https://doi.org/10.1039/D4AY02012J
https://www.ncbi.nlm.nih.gov/pubmed/39775300
https://doi.org/10.1016/J.JFCA.2025.107663
https://doi.org/10.1016/J.MICROC.2025.113366
https://doi.org/10.3390/FOODS14193438
https://www.ncbi.nlm.nih.gov/pubmed/41097606
https://doi.org/10.1016/J.SCP.2025.102138
https://doi.org/10.1016/J.FOCHX.2025.103352
https://www.ncbi.nlm.nih.gov/pubmed/41488117
https://doi.org/10.1016/J.FOODCHEM.2024.141922
https://www.ncbi.nlm.nih.gov/pubmed/39522386
https://doi.org/10.3390/CHEMOSENSORS13030088
https://doi.org/10.3390/APP152111629
https://doi.org/10.3390/FOODS14193325
https://www.ncbi.nlm.nih.gov/pubmed/41097500
https://doi.org/10.3390/suschem7030033

Sustain. Chem. 2026, 7, 33 29 of 32

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Kakalej¢ikové, S.; Bazel, Y.; Drabikova, M.; Fizer, M. Fluorimetric Determination of Eosin Y in Water Samples and Drinks Using
Deep Eutectic Solvent-Based Liquid-Phase Microextraction. Molecules 2025, 30, 3334. [CrossRef] [PubMed]

Sadek, M.; Sarkis, N.; Jangi, G. A Sustainable Supramolecular Deep Eutectic Solvent System for Dispersive Liquid-Liquid
Microextraction Followed by HPLC for the Determination of Melamine in Milk Samples. Results Chem. 2026, 20, 103057.
[CrossRef]

Bi, X.; Wu, W.; Xue, X,; Jing, X.; Zhang, Q. Magnetic Deep Eutectic Solvent-Based Single-Drop Microextraction for the Determina-
tion of Triazine Herbicides in Environmental Waters. Agronomy 2026, 16, 107. [CrossRef]

Rubio, I.; Rayos, J.; Ortega, I.; Aguirre, M.A.; Vidal, L.; Canals, A. A Natural Deep Eutectic Solvent-based Liquid-liquid
Microextraction for the Determination of Bisphenols in Mineral and River Water Samples. Talanta 2026, 302, 129430. [CrossRef]
[PubMed]

Carbonell-Rozas, L.; Aloisi, I.; Garrido Frenich, A.; Mol, H.; Righetti, L. Natural Deep Eutectic Solvents as a Sustainable Alternative
for Multi-Class Pesticide Extraction in Food Safety Analysis. npj Sci. Food 2026, 10, 67. [CrossRef] [PubMed]

Shaaban, H.; Mostafa, A.; Alqarni, A.M.; Alsalman, M.; Alkhalaf, M.A.; Alrofaidi, M.A.; Khzem, A.H.A.; Alturki, M.S. Sustainable
Anisaldehyde-Based Natural Deep Eutectic Solvent Dispersive Liquid-Liquid Microextraction for Monitoring Antibiotic Residues
in Commercial Milk and Eggs: A Comprehensive Evaluation of Greenness, Practicality, Analytical Performance and Innovation.
Foods 2026, 15, 258. [CrossRef] [PubMed]

Diaz-Alvarez, M.; Turiel, E.; Martin-Esteban, A. Natural Deep Eutectic Solvent-Based Liquid Phase Microextraction in a 3D-Printed
Millifluidic Flow Cell for the on-Line Determination of Thiabendazole in Juice Samples. Anal. Chim. Acta 2025, 1339, 343617.
[CrossRef] [PubMed]

Jano, A.; Fuente-Ballesteros, A.; Ares, A.M.; Bernal, J. Miniaturized Solid-Phase Extraction Techniques in Sample Preparation
Applied to Food Matrices: A Review. Microchem. J. 2025, 213, 113794. [CrossRef]

Dowlatshah, S.; Saraji, M.; Pedersen-Bjergaard, S.; Ramos-Payéan, M. Microfluidic Liquid-Phase Microextraction Based on Natural
Deep Eutectic Solvents Immobilized in Agarose Membranes. J. Chromatogr. A 2021, 1657, 462580. [CrossRef] [PubMed]

Piryaei, M.; Abolghasemi, M.M.; Nikbakhtan, M. Microfluidic Analytical Devices Based on Deep Eutectic Solvent-Hydrogel
Thin Film Electromembrane Extraction of Bisphenol A from Thermal Paper, Mineral, and Tap Water Samples, and Greenness
Assessment by AGREEprep Tools. Mikrochim. Acta 2025, 192, 370. [CrossRef] [PubMed]

Qian, X,; Idota, N.; Tsukahara, T. Development of a Deep Eutectic Solvents-Based Microfluidic System for Highly Efficient
Separation of Cesium Ions from Aqueous/Acidic Solutions. ACS Sustain. Chem. Eng. 2026, 14, 4460—4468. [CrossRef]

Darabi, S.; Zamani, R.; Yamini, Y. On-Chip Integration of Electromembrane Extraction and Thin-Film Solid-Phase Microextraction
Using Polyaniline /Graphene Oxide Composite for Determination of Synthetic Dyes in Beverage and Environmental Samples.
Anal. Methods 2025, 17, 8245-8255. [CrossRef] [PubMed]

Zameran, N.I; Saleh, N.M.; Nazirah, N.H. Graphene-Based Magnetic Covalent Organic Frameworks and Deep Eutectic Solvent
Functionalized Adsorbents for Polycyclic Aromatic Hydrocarbons: A Review. R. Soc. Open Sci. 2025, 12, 251102. [CrossRef]
[PubMed]

Chen, J.; He, X.; Wang, Y. Novel Poly-Deep Eutectic Solvent-Functionalized Magnetic Graphene Oxide Nanomaterials for
High-Performance Solid-Phase Extraction of Trypsin. Anal. Methods 2025, 17, 3132-3144. [CrossRef] [PubMed]

Deng, W.; Fan, C.; Zhang, R.; Jin, M. Deep-Eutectic-Solvent-Decorated Metal-Organic Framework for Food and Environmental
Sample Preparation. Foods 2024, 13, 3614. [CrossRef] [PubMed]

Liu, Y.; Su, X,; Cui, Y.; Zhou, X. One-Step Preparation of Deep Eutectic Solvents/Reduced Graphene Oxide Composite Materials
for the Removal of Dibenzothiophene in Fuel Oil. Sci. Rep. 2023, 13, 832. [CrossRef] [PubMed]

Hang, Q.; Loy, Y,; Yin, H,; Yuan, Y.; Xiong, Z. Preparation of Deep Eutectic Solvent Modified Magnetic Graphene Oxide/Metal
Organic Framework Nanocomposites for the Extraction of Three Estrogens in Cosmetics. Mikrochim. Acta 2024, 191, 474.
[CrossRef] [PubMed]

Yu, J.; Liu, Y.; Wang, C.; Chen, M.; Nie, C.; Liu, W. Deep Eutectic Solvent-Ferrofluid Based Single-Step Magnetic-Assisted
Liquid-Liquid Microextraction for Pyrethroid Residues Determination in Vegetable Oils by GC-MS/MS. Food Chem. X 2026,
34, 103576. [CrossRef] [PubMed]

Chen, J.; Xu, F; Wang, Y. Biomass-Derived Magnetic Nanocomposites Modified by Choline Chloride/Citric Acid Based Natural
Deep Eutectic Solvents for the Magnetic Solid Phase Extraction of Trypsin. Analyst 2023, 148, 2316-2326. [CrossRef] [PubMed]
Valipour, Z.; Hosseinzadeh, R.; Sarrafi, Y.; Maleki, B. Functionalized Magnetic Nanoparticles with Deep Eutectic Solvents as
Efficient Catalyst for the Green Synthesis of Dihydroquinazolinones. Sci. Rep. 2025, 15, 40184. [CrossRef] [PubMed]

Ramos, L. Greening Sample Preparation: New Solvents, New Sorbents. In Challenges in Green Analytical Chemistry; RSC Green
Chemistry: London, UK, 2020; pp. 114-153. [CrossRef]

Nie, L.; Toufouki, S.; Yao, S.; Guo, D. Rethinking the Applications of Ionic Liquids and Deep Eutectic Solvents in Innovative
Nano-Sorbents. Front. Chem. 2021, 9, 653238. [CrossRef] [PubMed]

https://doi.org/10.3390/suschem?7030033


https://doi.org/10.3390/MOLECULES30163334
https://www.ncbi.nlm.nih.gov/pubmed/40871488
https://doi.org/10.1016/J.RECHEM.2026.103057
https://doi.org/10.3390/AGRONOMY16010107
https://doi.org/10.1016/J.TALANTA.2026.129430
https://www.ncbi.nlm.nih.gov/pubmed/41579738
https://doi.org/10.1038/S41538-026-00717-7
https://www.ncbi.nlm.nih.gov/pubmed/41559095
https://doi.org/10.3390/FOODS15020258
https://www.ncbi.nlm.nih.gov/pubmed/41596858
https://doi.org/10.1016/J.ACA.2025.343617
https://www.ncbi.nlm.nih.gov/pubmed/39832876
https://doi.org/10.1016/J.MICROC.2025.113794
https://doi.org/10.1016/j.chroma.2021.462580
https://www.ncbi.nlm.nih.gov/pubmed/34624712
https://doi.org/10.1007/S00604-025-07229-3
https://www.ncbi.nlm.nih.gov/pubmed/40411651
https://doi.org/10.1021/ACSSUSCHEMENG.5C11538
https://doi.org/10.1039/D5AY01427A
https://www.ncbi.nlm.nih.gov/pubmed/41058309
https://doi.org/10.1098/rsos.251102
https://www.ncbi.nlm.nih.gov/pubmed/41063725
https://doi.org/10.1039/D5AY00252D
https://www.ncbi.nlm.nih.gov/pubmed/40183196
https://doi.org/10.3390/FOODS13223614
https://www.ncbi.nlm.nih.gov/pubmed/39594030
https://doi.org/10.1038/s41598-023-28041-0
https://www.ncbi.nlm.nih.gov/pubmed/36646779
https://doi.org/10.1007/S00604-024-06546-3
https://www.ncbi.nlm.nih.gov/pubmed/39037586
https://doi.org/10.1016/J.FOCHX.2026.103576
https://www.ncbi.nlm.nih.gov/pubmed/41640979
https://doi.org/10.1039/D3AN00273J
https://www.ncbi.nlm.nih.gov/pubmed/37096998
https://doi.org/10.1038/s41598-025-23849-4
https://www.ncbi.nlm.nih.gov/pubmed/41249193
https://doi.org/10.1039/9781788016148-00114
https://doi.org/10.3389/FCHEM.2021.653238
https://www.ncbi.nlm.nih.gov/pubmed/33898393
https://doi.org/10.3390/suschem7030033

Sustain. Chem. 2026, 7, 33 30 of 32

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Ptotka-Wasylka, J.; Rutkowska, M.; de la Guardia, M. Are Deep Eutectic Solvents Useful in Chromatography? A Short Review.
J. Chromatogr. A 2021, 1639, 461918. [CrossRef] [PubMed]

Yildirim, S.; Cocovi-Solberg, D.J.; Uslu, B.; Solich, P; Horstkotte, B. Lab-In-Syringe Automation of Deep Eutectic Solvent-
Based Direct Immersion Single Drop Microextraction Coupled Online to High-Performance Liquid Chromatography for the
Determination of Fluoroquinolones. Talanta 2022, 246, 123476. [CrossRef] [PubMed]

Wang, R.; Li, W.; Chen, Z. Solid Phase Microextraction with Poly(Deep Eutectic Solvent) Monolithic Column Online Coupled to
HPLC for Determination of Non-Steroidal Anti-Inflammatory Drugs. Anal. Chim. Acta 2018, 1018, 111-118. [CrossRef] [PubMed]
Shishov, A.; Markova, U.; Ekaterina, D.; Bulatov, A. Automated Liquid-Liquid Deep Eutectic Solvents Based Microextraction
Procedure for Determination of Acrylamide in Foodstuffs by High-Performance Liquid Chromatography with Ultraviolet
Detection. J. Food Sci. Technol. 2024, 61, 2332-2342. [CrossRef] [PubMed]

Shishov, A.; Israelyan, D.; Bulatov, A. Automated Deep Eutectic Solvent-Based Chromatomembrane Microextraction: Separation
and Preconcentration of Bisphenols from Aqueous Samples. Sep. Purif. Technol. 2024, 338, 126480. [CrossRef]

Al-Saidi, H.M.; Alharthi, S.S.; Al-Saidi, H.M.; Alharthi, S.S. Determination of Zinc Using Single-Drop Microextraction Based upon
a Natural Deep Eutectic Solvent Synthesized from Oleic Acid Isolated from Olive Oil: Synthesis, Design of Semi-Automated
System, and Analytical Applications. J. King Saud Univ. Sci. 2025, 37, 5612025. [CrossRef]

Shishov, A.; El-Deen, A K.; Godunov, P; Bulatov, A. Atypical Deep Eutectic Solvents: New Opportunities for Chemical Analysis.
TrAC Trends Anal. Chem. 2024, 176, 117752. [CrossRef]

Saini, S.; Sharma, A.; Saini, N.; Kaur, N.; Singh, N. Machine Learning-Driven Optimization of Deep Eutectic Solvents: Accelerating
Physicochemical Properties Modeling. Sustain. Mater. Technol. 2025, 45, e01536. [CrossRef]

Ten, J.Y.; Liew, Z.H.; Oh, X.Y,; Hassim, M.H.; Chemmangattuvalappil, N. Computer-Aided Molecular Design of Optimal
Sustainable Solvent for Liquid-Liquid Extraction. Process Integr. Optim. Sustain. 2021, 5, 269-284. [CrossRef]

Odegova, V.; Lavrinenko, A.; Rakhmanov, T.; Sysuev, G.; Dmitrenko, A.; Vinogradov, V. DESignSolvents: An Open Platform
for the Search and Prediction of the Physicochemical Properties of Deep Eutectic Solvents. Green Chem. 2024, 26, 3958-3967.
[CrossRef]

Lavrinenko, A.K.; Chernyshov, LY.; Pidko, E.A. Machine Learning Approach for the Prediction of Eutectic Temperatures for
Metal-Free Deep Eutectic Solvents. ACS Sustain. Chem. Eng. 2023, 11, 15492-15502. [CrossRef]

Mohan, M,; Jetti, K.D.; Smith, M.D.; Demerdash, O.N.; Kidder, M.K.; Smith, ].C. Accurate Machine Learning for Predicting the
Viscosities of Deep Eutectic Solvents. . Chem. Theory Comput. 2024, 20, 3911-3926. [CrossRef] [PubMed]

Mohan, M.; Demerdash, O.N.; Simmons, B.A.; Singh, S.; Kidder, M.K.; Smith, ]J.C. Physics-Based Machine Learning Models
Predict Carbon Dioxide Solubility in Chemically Reactive Deep Eutectic Solvents. ACS Omega 2024, 9, 19548-19559. [CrossRef]
[PubMed]

Halder, A K.; Haghbakhsh, R.; Ferreira, E.S.C.; Duarte, A.R.C.; Cordeiro, M.N.D.S. Machine Learning-Driven Prediction of Deep
Eutectic Solvents’ Heat Capacity for Sustainable Process Design. . Mol. Lig. 2025, 418, 126707. [CrossRef]

Abbas, U.L.; Zhang, Y.; Tapia, J.; Md, S.; Chen, J.; Shi, J.; Shao, Q. Machine-Learning-Assisted Design of Deep Eutectic Solvents
Based on Uncovered Hydrogen Bond Patterns. Engineering 2024, 39, 74-83. [CrossRef] [PubMed]

Cysewski, P; Jeliiski, T.; Przybyltek, M.; Mai, A.; Kulak, J. Experimental and Machine-Learning-Assisted Design of Pharma-
ceutically Acceptable Deep Eutectic Solvents for the Solubility Improvement of Non-Selective COX Inhibitors Ibuprofen and
Ketoprofen. Molecules 2024, 29, 2296. [CrossRef] [PubMed]

Mohan, M.; Gugulothu, N.; Guggilam, S.; Rajitha Rajeshwar, T.; Kidder, M.K.; Smith, J.C. Physics-Informed Machine Learning to
Predict Solvatochromic Parameters of Designer Solvents with Case Studies in CO2 and Lignin Dissolution. Green Chem. Eng.
2025, 6, 275-287. [CrossRef]

Al-Akayleh, E; Ali Agha, A.S.A; Olaimat, A.R.; Qinna, N.A. Rationalizing Polysaccharide Extraction with Deep Eutectic Solvents:
From Supramolecular Architecture to Emerging AI-Guided Solvent Design. Polysaccharides 2025, 6, 82. [CrossRef]

Abbott, A.P; Capper, G.; Davies, D.L.; Rasheed, R.K.; Tambyrajah, V. Novel Solvent Properties of Choline Chloride /Urea Mixtures.
Chem. Commun. 2003, 39, 70-71. [CrossRef] [PubMed]

Martins, M.A.R; Pinho, S.P; Coutinho, J.A.P. Insights into the Nature of Eutectic and Deep Eutectic Mixtures. J. Solut. Chem. 2018,
48,962-982. [CrossRef]

Rafique, N.; Koel, M.; Abranches, D.O.; Jarvik, O. Deep Eutectic Solvents: Physicochemical Properties and Challenges in
Applications as Phase Change Materials in Thermal Energy Storage. ACS Appl. Energy Mater. 2025, 2026, 1287-1302. [CrossRef]
Savi, L.K.; Carpiné, D.; Waszczynskyj, N.; Ribani, R.H.; Haminiuk, C.W.I. Influence of Temperature, Water Content and Type of
Organic Acid on the Formation, Stability and Properties of Functional Natural Deep Eutectic Solvents. Fluid Phase Equilib. 2019,
488, 40-47. [CrossRef]

Haghbakhsh, R.; Raeissi, S.; Duarte, A.R.C. Group Contribution and Atomic Contribution Models for the Prediction of Various
Physical Properties of Deep Eutectic Solvents. Sci. Rep. 2021, 11, 6684. [CrossRef] [PubMed]

https://doi.org/10.3390/suschem?7030033


https://doi.org/10.1016/J.CHROMA.2021.461918
https://www.ncbi.nlm.nih.gov/pubmed/33540182
https://doi.org/10.1016/J.TALANTA.2022.123476
https://www.ncbi.nlm.nih.gov/pubmed/35461115
https://doi.org/10.1016/J.ACA.2018.02.024
https://www.ncbi.nlm.nih.gov/pubmed/29605128
https://doi.org/10.1007/S13197-024-05999-X
https://www.ncbi.nlm.nih.gov/pubmed/39431190
https://doi.org/10.1016/J.SEPPUR.2024.126480
https://doi.org/10.25259/JKSUS_561_2025
https://doi.org/10.1016/J.TRAC.2024.117752
https://doi.org/10.1016/J.SUSMAT.2025.E01536
https://doi.org/10.1007/S41660-021-00166-7
https://doi.org/10.1039/D3GC04533A
https://doi.org/10.1021/ACSSUSCHEMENG.3C05207
https://doi.org/10.1021/ACS.JCTC.3C01163
https://www.ncbi.nlm.nih.gov/pubmed/38387055
https://doi.org/10.1021/ACSOMEGA.4C01175
https://www.ncbi.nlm.nih.gov/pubmed/38708262
https://doi.org/10.1016/J.MOLLIQ.2024.126707
https://doi.org/10.1016/J.ENG.2023.10.020
https://www.ncbi.nlm.nih.gov/pubmed/39323971
https://doi.org/10.3390/MOLECULES29102296
https://www.ncbi.nlm.nih.gov/pubmed/38792157
https://doi.org/10.1016/J.GCE.2024.11.003
https://doi.org/10.20944/PREPRINTS202507.0571.V1
https://doi.org/10.1039/b210714g
https://www.ncbi.nlm.nih.gov/pubmed/12610970
https://doi.org/10.1007/S10953-018-0793-1
https://doi.org/10.1021/ACSAEM.5C02743
https://doi.org/10.1016/J.FLUID.2019.01.025
https://doi.org/10.1038/s41598-021-85824-z
https://www.ncbi.nlm.nih.gov/pubmed/33758262
https://doi.org/10.3390/suschem7030033

Sustain. Chem. 2026, 7, 33 31 of 32

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Haghbakhsh, R.; Bardool, R.; Bakhtyari, A.; Duarte, A.R.C.; Raeissi, S. Simple and Global Correlation for the Densities of Deep
Eutectic Solvents. J. Mol. Lig. 2019, 296, 111830. [CrossRef]

Haghbakhsh, R.; Parvaneh, K.; Raeissi, S.; Shariati, A. A General Viscosity Model for Deep Eutectic Solvents: The Free Volume
Theory Coupled with Association Equations of State. Fluid Phase Equilib. 2018, 470, 193-202. [CrossRef]

Haghbakhsh, R.; Taherzadeh, M.; Duarte, A.R.C.; Raeissi, S. A General Model for the Surface Tensions of Deep Eutectic Solvents.
J. Mol. Lig. 2020, 307, 112972. [CrossRef]

Taherzadeh, M.; Haghbakhsh, R.; Duarte, A.R.C.; Raeissi, S. Estimation of the Heat Capacities of Deep Eutectic Solvents. J. Mol.
Lig. 2020, 307, 112940. [CrossRef]

Peyrovedin, H.; Haghbakhsh, R.; Duarte, A.R.C.; Raeissi, S. A Global Model for the Estimation of Speeds of Sound in Deep
Eutectic Solvents. Molecules 2020, 25, 1626. [CrossRef] [PubMed]

Leron, R.B.; Soriano, A.N.; Li, M.H. Densities and Refractive Indices of the Deep Eutectic Solvents (Choline Chloride + Ethylene
Glycol or Glycerol) and Their Aqueous Mixtures at the Temperature Ranging from 298.15 to 333.15 K. J. Taiwan Inst. Chem. Eng.
2012, 43, 551-557. [CrossRef]

Harifi-Mood, A.R.; Buchner, R. Density, Viscosity, and Conductivity of Choline Chloride + Ethylene Glycol as a Deep Eutectic
Solvent and Its Binary Mixtures with Dimethyl Sulfoxide. J. Mol. Lig. 2017, 225, 689-695. [CrossRef]

Ribeiro, B.D.; Florindo, C.; Iff, L.C.; Coelho, M.A.Z.; Marrucho, .M. Menthol-Based Eutectic Mixtures: Hydrophobic Low Viscosity
Solvents. ACS Sustain. Chem. Eng. 2015, 3, 2469-2477. [CrossRef]

Van Osch, D.J.G.P,; Dietz, C.H.].T.; Van Spronsen, J.; Kroon, M.C.; Gallucci, F.; Van Sint Annaland, M.; Tuinier, R. A Search
for Natural Hydrophobic Deep Eutectic Solvents Based on Natural Components. ACS Sustain. Chem. Eng. 2019, 7, 2933-2942.
[CrossRef]

Gonzdlez De Castilla, A.; Bittner, ].P.; Miiller, S.; Jakobtorweihen, S.; Smirnova, I. Thermodynamic and Transport Properties
Modeling of Deep Eutectic Solvents: A Review on GE-Models, Equations of State, and Molecular Dynamics. . Chem. Eng. Data
2019, 65, 943-967. [CrossRef]

Yiin, C.L.; Yap, K.L.; Ku, A.Z.E.; Chin, B.L.F;; Lock, S.5.M.; Cheah, K.W.; Loy, A.C.M.; Chan, Y.H. Recent Advances in Green
Solvents for Lignocellulosic Biomass Pretreatment: Potential of Choline Chloride (ChCl) Based Solvents. Bioresour. Technol. 2021,
333, 125195. [CrossRef] [PubMed]

Jelinski, T.; Przybylek, M.; Rézalski, R.; Romanek, K.; Wielewski, D.; Cysewski, P. Tuning Ferulic Acid Solubility in Choline-
Chloride- and Betaine-Based Deep Eutectic Solvents: Experimental Determination and Machine Learning Modeling. Molecules
2024, 29, 3841. [CrossRef] [PubMed]

Mako$-Chelstowska, P.; Stupek, E.; Fourmentin, S.; Gebicki, J. Supramolecular Deep Eutectic Solvents in Extraction Processes: A
Review. Environ. Chem. Lett. 2024, 23, 41-65. [CrossRef]

Isci, A.; Kaltschmitt, M. Recovery and Recycling of Deep Eutectic Solvents in Biomass Conversions: A Review. Biomass Conuvers.
Biorefin. 2021, 12, 197-226. [CrossRef]

del Mar Contreras-Gamez, M.; Galan-Martin, A.; Seixas, N.; da Costa Lopes, A.M,; Silvestre, A.; Castro, E. Deep Eutectic Solvents
for Improved Biomass Pretreatment: Current Status and Future Prospective towards Sustainable Processes. Bioresour. Technol.
2023, 369, 128396. [CrossRef] [PubMed]

Radogevi¢, K.; Cvijetko Bubalo, M.; Gaurina Sréek, V.; Grgas, D.; Landeka Dragicevi¢, T.; Redovnikovi¢, R.I. Evaluation of Toxicity
and Biodegradability of Choline Chloride Based Deep Eutectic Solvents. Ecotoxicol. Environ. Saf. 2015, 112, 46-53. [CrossRef]
[PubMed]

Wen, Q.; Chen, J.X,; Tang, Y.L.; Wang, J.; Yang, Z. Assessing the Toxicity and Biodegradability of Deep Eutectic Solvents.
Chemosphere 2015, 132, 63—69. [CrossRef] [PubMed]

Hayyan, M.; Mbous, Y.P; Looi, C.Y.; Wong, WE,; Hayyan, A.; Salleh, Z.; Mohd-Ali, O. Natural Deep Eutectic Solvents: Cytotoxic
Profile. SpringerPlus 2016, 5, 913. [CrossRef] [PubMed]

Macério, I.PE.; Oliveira, H.; Menezes, A.C.; Ventura, S.P.M.; Pereira, ].L.; Gongalves, A.M.M.; Coutinho, J.A.P.; Gongalves, FJ.M.
Cytotoxicity Profiling of Deep Eutectic Solvents to Human Skin Cells. Sci. Rep. 2019, 9, 3932. [CrossRef] [PubMed]

Radosgevié, K.; Canak, I; Panié, M.; Markov, K.; Bubalo, M.C.; Frece, J.; Sreek, V.G.; Redovnikovi¢, LR. Antimicrobial, Cytotoxic
and Antioxidative Evaluation of Natural Deep Eutectic Solvents. Environ. Sci. Pollut. Res. 2018, 25, 14188-14196. [CrossRef]
[PubMed]

Torregrosa-Crespo, J.; Marset, X.; Guillena, G.; Ramén, D.J.; Marfa Martinez-Espinosa, R. New Guidelines for Testing “Deep
Eutectic Solvents” Toxicity and Their Effects on the Environment and Living Beings. Sci. Total Environ. 2020, 704, 135382.
[CrossRef] [PubMed]

Lomba, L.; Ribate, M.P,; Zaragoza, E.; Concha, J.; Garralaga, M.P,; Errazquin, D.; Garcia, C.B.; Giner, B. Deep Eutectic Solvents:
Are They Safe? Appl. Sci. 2021, 11, 10061. [CrossRef]

https://doi.org/10.3390/suschem?7030033


https://doi.org/10.1016/J.MOLLIQ.2019.111830
https://doi.org/10.1016/J.FLUID.2017.08.024
https://doi.org/10.1016/J.MOLLIQ.2020.112972
https://doi.org/10.1016/J.MOLLIQ.2020.112940
https://doi.org/10.3390/MOLECULES25071626
https://www.ncbi.nlm.nih.gov/pubmed/32244826
https://doi.org/10.1016/J.JTICE.2012.01.007
https://doi.org/10.1016/J.MOLLIQ.2016.10.115
https://doi.org/10.1021/ACSSUSCHEMENG.5B00532
https://doi.org/10.1021/ACSSUSCHEMENG.8B03520
https://doi.org/10.1021/ACS.JCED.9B00548
https://doi.org/10.1016/J.BIORTECH.2021.125195
https://www.ncbi.nlm.nih.gov/pubmed/33932810
https://doi.org/10.3390/MOLECULES29163841
https://www.ncbi.nlm.nih.gov/pubmed/39202918
https://doi.org/10.1007/S10311-024-01795-3
https://doi.org/10.1007/S13399-021-01860-9
https://doi.org/10.1016/J.BIORTECH.2022.128396
https://www.ncbi.nlm.nih.gov/pubmed/36503832
https://doi.org/10.1016/J.ECOENV.2014.09.034
https://www.ncbi.nlm.nih.gov/pubmed/25463852
https://doi.org/10.1016/J.CHEMOSPHERE.2015.02.061
https://www.ncbi.nlm.nih.gov/pubmed/25800513
https://doi.org/10.1186/S40064-016-2575-9
https://www.ncbi.nlm.nih.gov/pubmed/27386357
https://doi.org/10.1038/s41598-019-39910-y
https://www.ncbi.nlm.nih.gov/pubmed/30850631
https://doi.org/10.1007/S11356-018-1669-Z
https://www.ncbi.nlm.nih.gov/pubmed/29524174
https://doi.org/10.1016/J.SCITOTENV.2019.135382
https://www.ncbi.nlm.nih.gov/pubmed/31812413
https://doi.org/10.3390/APP112110061
https://doi.org/10.3390/suschem7030033

Sustain. Chem. 2026, 7, 33 32 of 32

166. Martinez, G.M.; Townley, G.G.; Martinez-Espinosa, R.M. Controversy on the Toxic Nature of Deep Eutectic Solvents and Their
Potential Contribution to Environmental Pollution. Heliyon 2022, 8, €12567. [CrossRef] [PubMed]

167. Zhou, Y.; Xu, W,; Pan, Y.; Wang, F.; Hu, X,; Lu, Y,; Jiang, M. Deep Eutectic-like Solvents: Promising Green Media for Biomass
Treatment and Preparation of Nanomaterials. Bioresources 2022, 17, 5485-5509. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/suschem?7030033


https://doi.org/10.1016/j.heliyon.2022.e12567
https://www.ncbi.nlm.nih.gov/pubmed/36619414
https://doi.org/10.15376/BIORES.17.3.ZHOU2
https://doi.org/10.3390/suschem7030033

	Introduction 
	Deep Eutectic Solvents 
	Synthesis of Deep Eutectic Solvents 
	Classification of Deep Eutectic Solvents 

	Applications of DESs in Extraction Techniques 
	Dispersive Liquid–Liquid Microextraction (DLLME) 
	Solid-Phase Extraction (SPE) and Magnetic SPE 
	Liquid–Liquid Extraction (LLE) 
	Solidification of Floating Organic Drop (SFOD) 
	Pressurized Liquid Extraction 
	Ultrasound-Assisted Extraction (UAE) 
	Microwave-Assisted Extraction 
	Electrodialysis and Leaching 
	Cloud Point Extraction 
	In-Matrix Formation Extraction 
	Micellar-Assisted Extraction DES Hybrid 

	Comparative Overview of DES-Based Extraction Techniques 
	Future Trends and Challenges in DES-Based Extraction Systems 
	Microfluidic and Miniaturized DES Systems 
	DES–Nanocomposite Hybrids 
	Automation and Online Coupling 
	Machine Learning and AI-Driven Solvent Design 
	Regulatory, Thermodynamic, and Scalability Challenges 
	Sustainability 

	Conclusions 
	References

