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The analysis of foods is a comprehensive process of extraction, identification, and quantification of several classes
of compounds from natural matrices. The detection and quantification of primary metabolites (sugars, amino acids,
vitamins, and lipids), contaminants (toxins, heavy metals, and allergens), and secondary metabolites
(polyphenolics, flavonoids, terpenes, and alkaloids) is a crucial practice for ensuring the safety and quality of foods
and related functional products. Due to the variable structure of food analytes, a gap in a universal method suitable
for the extraction and analysis of all compounds is lacking. Moreover, conventional extractants are usually made of
organic solvents and common extraction techniques usually require a long extraction time to exhaust the matrix.
The actual discussions about climatic changes provide a growing awareness of the scientific and industrial
community to reduce the environmental impact by using sustainable processes. In general, the main principles of
“green chemistry” are based on the design of processes aimed to reduce energy consumption and the use of eco-

friendly solvents with less toxicity to the environment and human health.

NADES green extraction food analysis

1. Physicochemical Properties of Natural Deep Eutectic
Solvents (NADESSs) for the Extraction Process

The intermolecular interactions, mainly hydrogen bond interactions, between the hydrogen bond acceptor (HBA)
and the hydrogen bond donor (HBD) are responsible for the physicochemical properties of the deep eutectic
solvents (DES) W& By changing either the HBA/HBD ratio or one of the components, the NADES can be
specifically tailored for different applications. This is a major advantage in terms of achieving desirable properties
and improving extraction efficiency B4, Viscosity, polarity, density, and pH condition are the main physicochemical
properties affecting the extraction of natural compounds from food matrices. The addition of water as a third
component of the system can modulate the conditions of the NADESSs for the extraction of several compounds and

chemicals for food analysis applications.

Generally, the high viscosity of HDA and HDB mixtures cause a low mass transfer phenomenon affecting the
extraction efficiency. Temperature can drastically reduce the viscosity but a mediation with the thermolability of
natural compounds must be considered. Added water, reported in a range of 10% to 80% [, disrupts the hydrogen
bond interaction between HAD and HDB modulating the viscosity of the system. Data reported by Zhekenov et al.,

2019 suggest a maximum limit of 50% molar fraction of water beyond the system act as a solution [,
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Polarity is the key property to solubilizing metabolites in a solid-liquid extraction. Fixing the choline chloride (ChCI)
as HBA, the use of different HBD can affect the polarity of the system. Craveiro et al., 2016 reported the use of
sugars (glucose, sucrose, xylose) and organic acids (citric acid, tartaric acid) generating different polarity systems.
In particular, NADES composed of ChCl and organic acids resulted more polar than those combined with sugars
1. The water addition can also affect the polarity of the NADES B2, HBD used for the preparation of NADES act
both as hydrophilic and lipophilic components. Components with electronegative groups can form dipole-dipole
interactions with polar solvents explaining the hydrophilic properties 2%, On the other hand, natural lipophilic
compounds commonly used in NADES are characterized by a polar moiety forming dipole-dipole interactions with
polar solvents and a hydrophobic moiety with a tendency to aggregate in aqueous solution to minimize the area of
contact between water and nonpolar molecules. Several NADES systems are described by the
hydrophilicity/lipophilicity balance phenomenon. For instance, fatty acid- and terpenes-based natural compounds
acting as HBD have been reported for NADES [L1I12][13]

Complete profiling of complex food matrices by using organic solvents allows the extraction of hydrophilic
components or lipophilic components separately while the ignored components that remain in the extraction
residues are discarded from the analysis. The advantage to use hydrophilic or hydrophobic NADES is the efficient
enhancement of bioactive components with various polarities. The density of hydrophilic or hydrophobic solvents
can change allowing a double-phase separation. The two-phase system formed with hydrophilic NADES and
hydrophobic NADES can resolve the problem of extraction selectivity and could simultaneously extract the
bioactive compounds with various polarities from plant materials. In 2015, Van Osch et al. developed a NADES
two-phase system and evaluated the recovery of volatile fatty acids from dilute aqueous solutions 22 A two-phase
aqueous system (NADES-salt solution) has also been established to extract proteins L4187 and non-polar
anthraquinones 8. Moreover, Jun Chao et al., 2018 developed a two-phase NADES system (ChCI-LA1/Ch-
M/MCO) to extract bioactive metabolites with different polarities from Ginkgo biloba leaves 18],

| 2. Preparation of NADES

The NADESs can be produced from different natural compounds such as ChCl, sugars, amino acids, and polyols.
These compounds are in solid form and only after mixing, in a specific combination and molar rates, do they turn
into a liquid state 19, Five methods are reported to prepare NADES: thermal mixing, vacuum evaporation, freeze-

drying, ultrasonication, and microwave.

» Thermal mixing is a simpler and faster approach that involves mixing and stirring at a temperature of 50-80 °C

of two components with water until a colorless liquid is formed [El291[21],

» Vacuum evaporation is also similar; the components are dissolved in water and evaporated at about 50 °C in

rotary evaporation, and finally, the resulting liquid is placed in a desiccator to reach a constant weight [El21],

» Freeze-drying involves dissolving the components in water, then freezing and drying them, resulting in a

viscous, transparent solution [21122],
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» Microwave-assisted synthesis exploits the production of microwaves that upon interaction with precursors
generate collisions between molecules and between the hydrogen bond donor and hydrogen bond acceptor
components due to dipole rotation resulting in dielectric heating that speeds up the synthesis time [2324]
According to Popovic et al., 2022, microwaves could be one of the fastest methods for the preparation of some
NADES, taking even less than a minute 29, However, because of the possible overheating caused by the
technique, it is advisable to divide the process into several cycles of a few seconds interspersed with cooling

pauses [22], The entire preparation is carried out in closed systems with controlled pressure and temperature.

» Ultrasound-assisted is a little-explored but effective way of preparing NADESs. The cavitation process
promotes, through the release of heat and pressure exerted because of bubbles implosion, the interaction
between the hydrogen bond acceptor (HBA) and the hydrogen bond donor (HBD) 2. According to when
described by Santana et al., 2019, the preparation of NADES by ultrasound can also be performed by heating
the mixture around 50 °C 21, This approach requires several minutes with intermediate times between
microwaves and the remaining techniques described above.

The preparation of NADES (Figure 1) through the different methods generates clear solvents without the presence

of precipitates at room temperature with the same properties 2221, The principal difference consists in the timing

of the process. Ultrasound and microwave methods offer high speed and efficiency of preparation compared with
thermal mixing, vacuum evaporation, and freeze-drying; however, the mixing and stirring method is still widely used

because it is very simple, easy to perform and allows the production of high volumes of solvent.
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Figure 1. Graphical representation of NADES preparation techniques.

3. Use of NADES as Green Solvent in the Extraction
Techniques

The use of NADES as extraction solvent is often combined with techniques such as ultrasound-assisted liquid
extraction (USAE), microwave (MAE), or pressurized liquid extraction (PLE). This is mainly due to the properties of
NADES used as alternative solvents to classical solvents for lower toxicity and higher extraction efficiency, making
them suitable for green chemistry extraction techniques that aim to reduce cost, risk, extraction time and
environmental impact 29281 Numerous studies employing such solvents on food matrices for the recovery of
various bioactive compounds are reported in the literature. Mostly, Bajkacz et al., 2017 and Rashid et al., 2023
optimized a method for recovering phenols respectably from soybean and apple by-products by using different
types of NADES and ultrasonic techniques. The results demonstrated how the combination of ultrasonic with
NADES solvents can be an innovative method of phenol recovery due in part to the H-interactions formed between

NADES and phenols; furthermore, the extraction efficiency was implemented by adding 30% water to the NADES
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mixture, which from the results proved to be the best condition 28271, Still, Loarce et al., 2011 have used NADES
as modifiers for PHWE extraction, significantly improving anthocyanin recovery compared to water alone while
keeping the process green and sustainable 28, The process was optimized using water with 30% NADES
composed of choline chloride and oxalic acid at a temperature of 60 °C as solvent. Another example is the study
conducted by Fan and Li., 2022 that through the coupling of NADES and microwaves, finally these solvents were
also used with microwave hydrodistillation for the extraction of essential oil from A. sinensis. The combination of
NADES with microwaves that promote plant cell rupture compared to conventional methods allows implementation
of the recovery of molecules by reducing while maintaining the process with low environmental impact and high
efficiency 22,

| 4. Toxicity and Sustainability

The green chemistry approach requires minimizing the risks and hazards associated with the process and its
impact on the environment and human health. It is precisely for this motive that numerous scholars have begun to
move toward the use of safer and more environmentally friendly solvents. At this juncture are NADES, which are
considered nontoxic, environmentally sustainable, and biodegradable, thanks mainly to the fact that they are made
up of compounds of natural origin. Choline chloride (ChCI), for example, one of the main HBAs, is widely used for
the preparation of NADES and used commercially on a large scale as an additive for chicken feed, in addition,
NADES are also used for the solubilization of drugs for oral dosing in rats, and the synthesis of biodegradable
polyesters with antibacterial properties 2%, The emergence of NADES is related to their very low toxicity, which
allows them to be used more safely than the previous ionic solvents (ILs), which, on the other hand, can have

similar toxicity to the organic compounds they replace 311,

The toxicity of NADES has long been evaluated by considering only the single toxicity data of all the components
used in the preparation, which are reported to be safe [22. However, more recent studies have indicated that these
molecules when mixed may show higher toxicity than the single components, related to the structure of the deep
solvents, due to synergistic effects between the individual elements. Hayyan et al., 2013 conducted some
experiments to evaluate the toxicity and cytotoxicity of ChCl and phosphonium-based deep solvents (23l The
models used for toxicity evaluation were two strains of Gram+ bacteria Bacillus subtilis and Streptococcus aureus
and two Gram- strains Escherichia coli and Pseudomonas aeruginosa, while cytotoxicity was considered on
Artemia salina. The results show that phosphonium-based deep eutectic solvents have higher toxicity on all
bacterial strains, highlighting a possible antibacterial effect, unlike choline chloride-based NADES. However, for
both types of HBAs, the mixture of NADES was more toxic than the individual components, even for cytotoxicity,
the ammonium-based deep eutectic solvents showed a greater effect on Artemia salina than the individual
components. Justifications for this behavior may be due to several factors such as hydrogen bonding between
HBD and the salt anion. It is known that the delocalization of charge that occurs during hydrogen bonding makes
the mixture more toxic; in fact, substances with delocalized charges are more toxic than chemicals with localized
charges. The lack of oxygen and high viscosity that impairs the movement of A. salina may also influence by

modifying the toxicity of the mixture. Further experiments conducted by Hayyan et al., 2013 also hypothesize that
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NADES can interact with cell surfaces and that their accumulation and aggregation may cause increased
cytotoxicity 33l Still, Radosevic et al., 2015 evaluated different aspects of the toxicity of different deep eutectic
solvents based on ChCl, in particular, they considered phytotoxicity on wheat, toxicity on fish and human cells, and
biodegradability using wastewater microorganisms through closed bottle test B4, The results show low to moderate
cytotoxicity on cells with cell inhibition comparable to that of industrial solvents, inhibition in wheat germination was
also not observed with oxidative stress manifestation only at high amount addition, all NADES tested were
classified as biodegradable. NADES thus show a good correlation between biodegradability and toxicity with some
advantages such as low vapor pressure and low flammability making them preferable to the organic solvents they
are supposed to replace. These results, therefore, showed that natural deep eutectic solvents based on choline
chloride have a potential green profile and a very good prospect for use; however, considering the different toxicity
observed for some mixtures, especially those based on phosphonium, further studies are needed to understand

and clear their impact on the environment and organisms 32,
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