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Abstract: Deep eutectic solvents (DESs) are a relatively new type of solvent that have attracted the
attention of the scientific community due to their environmentally friendly properties and their
versatility in many applications. Many possible DESs have been described and, thus, it is not easy
to unequivocally characterize and generalize their properties. This is especially important in the
case of the (eco)toxicity information that can be found for these mixtures. In this review, we collect
data on the human and environmental toxicity of DESs, with the aim of gathering and exploring the
behavioral patterns of DESs. The toxicity data found were analyzed attending to different factors:
hydrogen bond donors or acceptors that form part of the eutectic mixture, pH, and the presence of
organic acids in the DES molar ratio of the components, or interactions with natural compounds. In
the case of ecotoxicity, results generally depend on the biomodel studied, along with other factors
that have been also revised. Finally, we also carried out a revision of the biodegradation of DESs.

Keywords: deep eutectic solvents (DESs); toxicity; ecotoxicity

1. Deep Eutectic Solvents (DESs)

During recent decades, important efforts have been made to find new solvents that are
safe, cheap, and safe for the environment and health, and that also have good properties
for industrial applications. The principal features of solvents are related to solubility,
recyclability, thermal and chemical stability, selectivity, flammability, corrosivity, viscosity,
melting point, (eco)toxicity, physicochemical properties, availability, and cost [1,2].

Several groups of solvents have been studied in order to find competitive, safer,
and greener substitutes for traditional solvents, including ionic liquids (ILs), supercritical
solvents, and solvents from biomass [3,4].

ILs present interesting properties, such as low vapor pressure, high thermal, chemical,
and electrochemical stability, being non-flammable [5–7], and the ability to dissolve or
extract several chemicals (organics and inorganics; polar and nonpolar) [8], and can be used
in separations [9] or as catalysts, among other important properties [10–12]. It should be
noted that these characteristics are not common to all ionic liquids, and properties depend
on the ions. Thus, it is possible to find different families of ILs based on the cation structure
(pyridine ring, imidazolium, tetraalkylammonium), which can be linked to different anions
(halides, tetrafluoroborate, dicyanaida, triflate, etc.). However, the main problem of these
chemicals is their toxicity. There are some studies about their toxicity, biodegradability, and
ecotoxicity, but there is not yet enough evidence, and more studies are needed in order to
ensure the safety of ILs for the environment and health [13–17].

Supercritical fluids present the following characteristics: they can increase the transfer
of mass and heat due to their high diffusion coefficient and low viscosity; their properties
can be adjusted by changing pressure and temperature; and they can be easily removed and
recycled by reversing conditions of temperature and pressure. Some supercritical fluids
include supercritical carbon dioxide (scCO2), supercritical water (scH2O), and supercritical
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ammonia (scNH3). Most of their uses are related to organic synthesis, extractions, and
solubilization, among others [18–22]. However, although scCO2 might be considered a
good alternative, it is a nonpolar solvent, and it cannot be used in many applications. In
the case of scH2O, it is important to note that the critical pressure and temperature are too
high, so its uses are limited. Supercritical water behaves as a nonpolar solvent; therefore, it
is not good for dissolving inorganic compounds. Finally, scNH3 presents accessible critical
pressure and temperature, but it is toxic and highly reactive and, therefore, it is dangerous
to use in high-scale applications. Essentially, two problems have been found with this type
of solvent: on the one hand, it is difficult and expensive to perform the installation of the
equipment and, on the other hand, the polarity of these solvents is limited [23].

Solvents from biomass have been also widely studied, because their properties are
based on green chemistry precepts [24]. These are compounds obtained via fermentation,
enzymatic, or esterification processes. Agricultural and some industrial activities can
produce large amounts of raw materials, used to produce commodity and fine chemicals,
with lignocellulosic biomass being the production material with the largest potential
volume and lowest cost. Some of these chemicals include fatty acid esters, furfural, levulinic
acid, terpenes, glycols and their esters, low-molecular-weight alcohols, and lactates [25].

A new type of solvent—the so-called deep eutectic solvents (DESs)—was defined by
Abbott et al. in 2003. DESs are liquid compounds that present a diminution of the melting
point above 100 ◦C when it is compared to the forming substances [26,27]. These solvents
are a mixture of two or more compounds that are generally solid at room temperature but,
when they are combined in a specific molar ratio, form a liquid solution, i.e., a decrease
in the melting point is observed for these mixtures because of the interaction between the
molecules. In general, these mixtures present low vapor pressure and, therefore, low volatil-
ity, are non-flammable, and are compatible with water and, theoretically, environmentally
friendly.

DESs have sometimes been confused with ILs, and it has even been considered that the
two types of mixture can be interchangeable [28]. Certainly, DESs are natural competitors
of ILs, since they share properties. However, both types of solvent are very different,
due mainly to two reasons: on the one hand, the nature of the starting materials is quite
different (ILs are mixtures of organic cations and organic or inorganic anions, while DESs
are combinations of one or more hydrogen bond acceptors (HBAs) and hydrogen bond
donors (HBDs); on the other hand, the methods used for their formation are also different:
DESs can be prepared from single components via heating treatment, whereas ILs are
normally synthesized using synthetic routes involving various reagents and solvents,
consisting of two principal steps—cation formation, and anion exchange [29]. The nature of
the components forming ILs and DESs also determines their behavior; for instance, ILs are
dominated by ionic interactions, while DESs show strong hydrogen-bonding interactions.

DESs have attracted the attention of the scientific community because of their po-
tential applications. These mixtures can be used in organic synthesis, electrochemistry,
extraction media [30–34], biotechnology or biodiesel [35–37] synthesis and separation
processes [38,39], as a solvent in biological assays or enzymatic reactions [40], in biocataly-
sis [41,42], or in biomedical applications [43–46]. Additionally, they have been used in the
pharmaceutical industry as excipients for increasing the solubility of hydrophobic drugs, or
in drug delivery formulations [47–51]. Thus, the number of scientific manuscripts related
to DESs has been growing over the past several years (Figure 1).
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As mentioned previously, these mixtures are formed by a hydrogen bond acceptor
(HBA) and a hydrogen bond donor (HBD) [52]. Several substances can act as hydrogen
bond acceptors; the more typical chemicals are quaternary salts such as choline chloride or
betaine, but others—such as thymol, menthol, and decanoic or lauric acids—have also been
used [53]. On the other hand, urea, amino acids (alanine, serine, glutamic acid, proline),
sugars (glucose, mannose, xylose, fructose, galactose, sucrose, or lactose), alcohols (glycerol,
xylitol, sorbitol, ethylene glycol, 1,2-propylene glycol), amides (acetamide, benzamide),
amines, or carboxylic acids (malonic, lactic, maleic, oxalic, citric, malic, tartaric) can be used
as hydrogen bond donors [43,46].

It is interesting to note that due to the massive amount of possible DESs, resulting
from the abundance of possible combinations of raw materials (either hydrophilic or
hydrophobic), it is possible to rationalize their use and select those that combine the best
properties (chemical, toxicological, environmental, and safety) for a given application.
However, this same versatility can present a problem, since it is not easy to unambiguously
characterize and generalize their properties. It is worth mentioning that there are very
few studies that have addressed the prediction of DESs’ properties [54,55]. This lack
of predictive models is even more pronounced in the case of (eco)toxic behavior [56].
Regarding this topic, in general, DESs are considered to be nontoxic compounds [57].
Nevertheless, there are no systematic studies from the health and environmental toxicity
points of view that confirm this point. For this reason, an exhaustive revision of this
information was carried out in this article. We want to focus on how DESs behave in the
environment, and what studies exist related to their toxicity. This will shed light on and
analyze recent articles to see what kind of information needs to be obtained in the future,
and which DESs should be promoted due to their green and safety properties. In Figure 2,
a scheme of DESs and their main properties is shown.
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Figure 2. Properties of deep eutectic solvents.

2. Cytotoxicity

It is known that DESs present several good properties for different applications.
Although there are DESs with no natural HBD, in recent years, the trend has been to use
raw materials of natural origin (as primary metabolites) that can act as solvents in living
organisms, such as lipids or water. This implies cellular tolerance and a low cytotoxic
profile. Since the first investigations, numerous studies—both in vitro and in vivo—have
been carried out to test the cytotoxicity of DESs—mainly performed in immortalized cell
lines, as well as other more complex organisms such as murine models, rats, or marine
organisms [58]. No human toxicity studies have been carried out to date. In Figure 3, a
summary of the revision made in this work regarding the toxicity of DESs is shown.
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2.1. In Vitro Assays

Most of the studies carried out to date have been in vitro assays. They show that the
toxicity of DESs depends on the cells or organisms tested, and may also be influenced by
several parameters, which are described below. Several assays carried out by different
authors related to cytotoxicity are listed in Table 1.
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Table 1. Cytotoxicity assays of DESs in vivo.

Cell Line DES Result Reference

Fibroblast-like cells
(L929)

ChCl/glucose (1:1),
ChCl/citric acid (1:1),
ChCl/citric acid (2:1),
ChCl/sucrose (4:1),
ChCl/sucrose (1:1),

ChCl/tartaric acid (2:1),
ChCl/xylose (2:1),
ChCl/xylose (3:1),

Citric acid/sucrose (1:1),
Citric acid/glucose (1:1),

Glucose/tartaric acid (1:1)

HBD organic acids (tartaric
and citric acids) are major
enhancers of cytotoxicity

[58]

HelaS3, CaOV3,
MCF-7 (human),
B16F10 (murine

cell line)

ChCl/malonic acid, ChCl/fructose/water,
ChCl/glucose/water, ChCl/sucrose/water,

ChCl/glycerol/water

HBD organic acids (e.g.,
malonic acid) increase toxicity.
Glycerol (HBD) shows a lower

toxicity profile.

[59]

MCF-7, A375, HT29,
H413, PC3 (human

cancer cells), HepG2
and OKF6 (human

normal cells)

ChCl/glycerine, ChCl/glycerine/water
ChCl/ethylene glycol,

ChCl/ethylene glycol/water,
ChCl/triethylene glycol,

ChCl/triethylene glycol/water,
ChCl/urea,

ChCl/urea/water

DESs show greater toxicity
than individual components.
Molar ratio affects toxicity.

[60]

Fish cell lines (CCO),
MCF-7 (human

tumor cells)

(ChCl/glucose (1:2),
ChCl/oxalic acid (1:1),

ChCl/glycerol (2:1)

ClChl-based DESs show low
or moderate (oxalic

acid) toxicity.
[61]

Hela and MCF-7
(human)

ChCl/glucose, ChCl/fructose, ChCh/xylose,
ChCl/malic acid

ClChl-based DESs show low
toxicity (EC50 > 2000 mg/L) [62]

HeLa, MCF-7 human
tumor cells) and

HEK-293T (human
normal cells)

ChCl/oxalic acid (1:1),
ChCl/urea (1:2),

ChCl/xylitol (5:2),
ChCl/sorbitol (2:3),

Betaine/glucose (5:2),
Betaine/malic acid:proline (1:1:1),
Betaine/malic acid:glucose (1:1:1),

Citric acid/proline (1:1),
Citric acid:glucose:glycerol (1:1:1),
Citric acid:fructose:glycerol (1:1:1).

Toxicity depends on cellular
type and NADES nature.
Tumor cells suffer great
toxicity (higher energy
demands). Oxalic acid

ChCl-based NADES shows a
lower EC50 in tumor cells.

ChCl/urea increases pH and
toxicity in MCF-7

[63]

HelaS3, PC3, A375,
AGS, MCF-7, and
WRL-68 hepatic

cell lines

ChCl/glucose (2:1) and ChCl/fructose (2:1)
In vitro (cell lines) NADESs

are less toxic than DESs
(less acidity).

[64]

HEK-293 cell line
(human) 28 selected ChCl-based NADESs

NADESs are more toxic than
their individual components.

HBA:HBD molar ratio and the
number of HBD carbons have

negative effects on toxicity,
although dependent on

the compounds.

[65]

Hacat and MNT-1

Combinations of HBA: ChCl,
tetramethylammonium chloride (N1111), and

tetrabutylammonium chloride (N4444); and HBD:
hexanoic and butanoic acids, ethylene glycol,

1-propanol, and urea

ChCl- and N111-based DESs
show great biocompatibility,
while N4444 shows toxicity.

Some compounds increased
cell viability.

[66]
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2.1.1. Choline Chloride (HBA)-HBD

In some studies of toxicity tested in several cell lines, HBDs were analyzed to select for
less toxic mixtures. Choline chloride (ChCl) is probably the most common HBA in DESs.
ChCl is a component of the vitamin B complex, so it intervenes in cellular metabolism [67].
In these cases, the HBD mainly determines the cytotoxicity of the mixture. A study carried
out by Radošević et al. (2015) evaluated three different DESs with ChCl:ChCl/glucose,
ChCl/oxalate, and ChCl/glycerol. In this study the cytotoxicity—measured by WST-1
test (similar to MTT test)—was determined towards fish cell lines (CCO) and human
tumors (MCF-7). The results, expressed in EC50 values, revealed that ChCl/glucose and
ChCl/glycerol showed low toxicity (EC50 > 2000 mg/L), while ChCl/oxalate possessed
moderate cytotoxicity (EC50 = 218.7 mg/L (CCO) and 558.98 mg/L (MCF-7)). During
the treatment of CCO cells with ChCl/oxalate, a formation of calcium oxalate crystals
was observed, which can damage cells and, therefore, may partially explain the relatively
higher cytotoxicity exhibited by this natural deep eutectic solvent (NADES) [61].

The same authors also compared ChCl/glucose, ChCl/fructose, ChCh/xylose, ChCl/glycerol,
and ChCl/malic acid. The IC50 values for those compounds were higher than 2000 mg/L
in two human tumor cell lines (HeLa and MCF-7), and these results were in concordance
with their previous study; they conclude that these sugars and this organic acid possess
low cytotoxicity in combination with ChCl [62].

Recently, Macario et al. (2019) tested the viability of HaCat (keratinocyte) and MNT-1
(melanoma) human cell lines against different combinations of DESs with ChCl, tetram-
ethylammonium chloride (N1111), or tetrabutylammonium chloride (N4444) as HBAs; and
hexanoic acid, butanoic acid, ethylene glycol, 1-propanol, or urea as HBDs. ChCl and N1111
showed great biocompatibility, while N4444, with larger alkyl chains, showed cytotoxicity in
the cell lines tested by MTT assay. The lowest IC50 was 34.1µg/mL for [N4444] Cl:ethylene
glycol in HaCat. ChCl:butanoic acid increased HaCat viability at low doses (100 µg/mL),
demonstrating its potential for cosmetic uses; however, at higher doses (500 µg/mL), it
turned out to be toxic in both cell lines (just up to 20% decreased in viability in MNT-1).
MNT-1 increased its viability in a softer way when treated with ChCl:ethylene glycol and
ChCl:1-propanol [66].

2.1.2. Presence of Organic Acids

As we have said, the most common organic acids used for the preparation of DESs are
malonic, lactic, maleic, oxalic, citric, malic, and tartaric acids.

The presence of organic acids in DESs seems to decrease the viability of cells. Paiva
et al. (2014) investigated the cytotoxicity of several NADESs using fibroblast-like cells
(L929) [58]. The results pointed to the role of the organic acids (HBDs) as major enhancers
of cytotoxicity. In agreement with this study, Hayyan et al. (2016) found, via the MTT assay,
that NADESs prepared with organic acids as HBDs (malonic acid) were more cytotoxic to
the human cell lines HelaS3 (IC50 = 20 ± 8.4 mM), CaOV3 (IC50 = 15 ± 8.2 mM), and MCF-7
(IC50 = 35 ± 8.3 mM), as well as the murine cancer cell line B16F10 (IC50 = 35 ± 8.8 mM),
and should be used with caution. The cultured cells resulted in high tolerance to carbohy-
drate (lowest IC50 = 127 ± 9.22 mM for ChCl:fructose in MFC-7, and highest IC50 = 211 ± 8.0 mM
for ChCl:glucose in B16F10) and glycerol DESs (lowest IC50 = 340 ± 10.3 mM in B16F10) [59].

A recent study by Mitar et al. (2019) that used a colorimetric assay (CellTiter 96®

AQueous One Solution Assay), tested eight carboxylic acid NADESs against three human
cell lines (HEK-293T, HeLa, and MCF-7). Most of the DESs included ChCl and malic acid.
None of them showed inhibiting effects on the growth of human cells, even at the highest
concentration tested (c = 2000 mg/L). All studied DESs with carboxylic acid could be
classified as harmless regarding cell viability [68].

2.1.3. Influence of pH

The nature of the compounds forming the DES—especially the HBD—strongly affects
the pH of the final mixture [69]. An excess of acidity can denature membrane proteins
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and cause cell death. Zhao et al. (2015) proposed that the higher toxicity of the mixtures
containing organic acids produces a modification in the cellular proliferation and metabolic
pathways. Likewise, pH changes depend on the length of the carbonated chain as well as
the presence of certain functional groups (benzene seems to be less toxic than carboxylic or
alcohol groups) [70]. It seems that the pH of DESs decreases as temperature increases—at
least in the 17 DESs tested by Skulcova et al. (2018). In general, organic acids present lower
pH than alcohols from 25 ◦C to 60 ◦C [71]. Radošević et al. (2018) found that ChCl/urea
was cytotoxic to MCF-7 cells, probably due to its high pH value (around 9.0) (being the
optimal pH for the used culture around 7.0–7.4). HeLa and HEK293T did not show the
same effect, which may indicate a cell-type-dependent cytotoxicity [63]. Hayyan et al.
(2012) also discovered that in ChCl:fructose and derivatives, the pH decreased with HBD
content. Furthermore, glucose presents neutral pH, while fructose shows greater acidity
when combined with ChCl as an HBA [72].

2.1.4. Molar Ratio

The cytotoxicity of DESs seems to be affected by the molar ratio of their components.
Some studies have shown that ChCl/urea at a 1:3 molar ratio produces acute toxicity via
in vitro MTT assay, while in vivo studies showed greater toxicity at a 1:2 molar ratio [60].

Ahmadi et al. (2018) confirmed, via MTT assay, the importance of the molar ratio of
HBA to HBD compounds in the toxicity of DESs to the HEK-293 cell line; ChCl/glycerol
and ChCl/glucose decreased the toxicity as the glycerol (IC50 = 39.34 ± 1.90 mM for
1:2 ratio and IC50 = 61.48 ± 1.90 mM for 1:4 ratio) or glucose proportion increased
(IC50 = 32.99 ± 2.32 mM for 1:1 ratio and IC50 = 23.38 ± 4.10 mM for 2.5:1 ratio), while
ChCl/fructose showed lower toxicity at an intermediate molar ratio of 1:1.5 (IC50 = 40.84 ± 3.54 mM
for 1:1.5 ratio compared to IC50 =26.95 ± 5.24 mM for 1:1 ratio (lowest) and IC50 = 29.36 ± 5.20 mM
for 1:1.25 (highest)). Conversely, 1,2-propanediol enhanced the toxicity as the proportion
increased (IC50 = 75.46 ± 17.40 mM for 1:1 ratio and IC50 = 48.18 ± 16.36 mM for 1:3 ratio).
These results indicate that toxicity based on molar ratio depends on the specific compounds.
The DESs’ cytotoxicity was dependent on their chemical structure, and the molar ratio
of HBA to HBD plays an important role in the cytotoxicity of these compounds against
human HEK-293 cells [65].

2.1.5. Synergistic Effects

Hayyan et al. examined the cytotoxicity of some phosphonium-based DESs (2013)
and ammonium-based DESs (2015) compared with their individual components. For
ammonium-based DESs, mixtures showed lower LD50 in mice (5.31–6.39 g/kg for mix-
tures vs. 9.71 - > 20 g/kg compared with the toxicity of the individual components) as
well as lower IC50 in immortalized cell lines (from 18.07 ± 1.62 µg/mL in A375 cells
to 54.67 ± 8.33 µg/mL in H413 cells), indicating a synergistic effect for the toxicity of
components [60,73].

Zhao et al. (2015) confirmed that DESs were more toxic than their individual compo-
nents due to the delocalization of charges on hydrogen bonding. This effect is especially
greater for DESs containing tartaric and citric acids as HBDs (more compact structure) [70].

Mbous et al. (2017) studied the anticancer potential and cytotoxicity of DESs (ChCl/glucose
and ChCl/fructose) using HelaS3, PC3, A375, AGS, MCF-7, and WRL-68 hepatic cell lines,
and compared the results with the individual components of the DESs. The EC50 values
of the DESs measured by MTT assay were significantly higher than those of the aqueous
solutions of their individual components, but were similar to those of the aqueous solutions
of combinations of their chief elements; the EC50 of the DESs’ components ranged from 98
to 516 mM, while that of the DESs was higher (34–120 mM) [64].

Ahmadi et al. (2018) investigated the cytotoxicity (MTT assay) of 28 selected ChCl-
based DESs and their raw materials at different concentrations against human HEK-
293 cells. Once more, DESs showed more toxicity than their individual components
(IC50 = 3.52 ± 0.67–75.46 ± 17.40 mM) [65].
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2.1.6. Natural Cellular Intermediaries

Hayyan et al. (2016) proposed that the cytotoxic mechanisms of DESs could be based
on the aggregation and interaction of solvents with cellular membranes, by altering cell
viability. In this case, components required for natural metabolism (hydrocarbonated
compounds, glycerol, or choline) seemed to present better cell tolerance. Conversely, those
components that inhibit metabolic pathways generated high cytotoxicity (e.g., malonic
acid in Krebs cycle). These aspects depended on the cell type [59]. Radošević et al. (2018)
evaluated the cytotoxicity of 10 NADESs (ChCl, betaine, and citric acid as HBAs) via a
colorimetric method (CellTiter 96® AQueous One Solution Cell Proliferation assay) in
HeLa, MCF-7, and HEK-293T cells, at concentrations of 500–2000 g/L. Carbohydrates as
HBDs were used as energy sources for cells, allowing metabolism and proliferation and,
thus, minimizing possible toxic effects. All of them showed no toxicity, independently
of the HBA type (EC50 > 2000 mg/L). The same was found for other intermediaries of
metabolism (polyols, glycerol). Malonic acid (organic acid) DESs had cytotoxic potential, as
seen previously; however, when combined with betaine or proline, they showed a curious
stimulatory proliferative effect (both are osmoprotectants), attenuating the cytotoxicity [63].

2.1.7. Viscosity

The chemical nature of DESs affects the viscosity, water content, and melting point of
synthesized DESs. [74]. Zhao et al. (2015) evaluated the viscosity (in Pa·s, at 30 ◦C) of 20 dif-
ferent DESs formed using ChCl as an HBA and urea, acetamide, ethylene glycol, glycerol,
1,4-butenediol, triethylene glycol, xylitol, p-toluenesulfonic acid, oxalic acid, sorbitol, malic
acid, citric acid, levulinic acid, malonic acid, tartaric acid, xylose/water, sucrose/water,
fructose/water, glucose/water, and maltose/water as HBDs. It was observed that the
viscosity was higher in ChCl/tartaric acid (2:1), ChCl/citric acid (1:1), ChCl/malic acid
(1:1), and ChCl/D-sorbitol (1:1), with values > 10 Pa·s. These compounds are more viscous
because the presence of extra hydroxyl groups creates more hydrogen bonds and increases
the attractive forces between molecules (H-bonding network, van der Waals forces, and
electrostatic interplays) [43,70]. Dai et al. showed that the viscosity of DESs is affected by
their water content, and if more than 50% water is present, the hydrogen bond framework
of the DES components is destroyed [75].

It could be considered that high viscosity produces an increase in toxicity. Hayyan
et al. indicated that high viscosity was related to higher lethality rates (lowest IC50 values
in MTT test). The DES ChCl/sucrose/water (4:1:4) and the ChCl/malonic acid (1:1) had
the highest viscosity values (853.3 mPa·s and 616.0 mPa·s, respectively) and the lowest IC50
in HelaS3 (166.58 ± 5.8 and 20 ± 8.4, respectively), CaOV3, B16F10, and MCF-7 cell lines.
They concluded that the introduction of substances with high viscosity (above 500 mPa·s)
in a cell medium can result in a major variation in cytoplasmic viscosity (homeostatic range
from 1 to 400 mPa·s) [76], and could cause cell death [59].

Mbous et al. (2017) studied the cytotoxicity of two NADESs composed of ChCl and
glucose or fructose, and N,N-diethylethanol ammonium chloride–triethylene glycol on the
HelaS3, A375, AGs, WRL-68, MCF-7, and PC3 cancer cell lines. In this case, they found
that both ChCl:glucose and ChCl:fructose were less toxic compared to DESs. However,
ChCl:glucose and ChCl:fructose NADESs showed higher toxicity in the in vivo tests [64],
since viscosity seemed to affect more complex organisms differently.

2.2. In Vivo Assays

In vitro assays present some limitations, since they cannot not completely predict
in vivo results; they are generally specific to an organism or organ and, therefore, the
effects are not comparable to whole animals or humans. Taking this into account, it is
necessary to carry out in vivo studies, since they are the optimal approach to evaluate
the toxic potential of compounds—for instance, in the case of immune systems, whose
responses have a multifunctional and complex character. These kinds of studies should
combine identification, effect measurement, and assessment of the immune system [77].
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There have been few cytotoxicity studies carried out using in vivo assays to evaluate
the toxicity of DESs; most have been in murine models or rats, while no human studies
have been performed to date. This information is shown in Table 2.

Table 2. Cytotoxicity assays of DESs in vivo.

Cell Line DES Result Reference

Mice

ChCl/glycerine,
ChCl/ethylene glycol,

ChCl/triethylene glycol,
ChCl/urea

DESs show greater toxicity than their
individual components. Molar ratio

affects toxicity.
[60]

Mice ChCl/glucose (2:1) and ChCl/fructose (2:1) In vivo (mice) NADESs are more toxic
than DESs (more viscosity) [64]

Male Wistar rats Betaine:glycerol (1:2) Short-term oral administration toxicity
in rats. [78]

Mice ChCl-glycerol (1:2) No toxicity in mice (LD50 = 7733 mg/kg) [79]

In 2015, Hayyan et al. tested a variety of ammonium-based DESs in vivo in a murine
model using six imprinting control regions. They found that eutectic mixtures are more
toxic than their individual components, as in vitro tests had shown previously. The DES-
treated group suffered an alteration of hepatic enzymes (AST:ALT ratio) and a slight
increase in markers of renal function (urea, Na+, K+, Cl−). These results seemed to in-
dicate hepatocellular and renal patterns of injury. In the same study, they corroborated
the importance of molar ratio, as ChCl/urea 1:3 was lethal, while a 1:2 ratio was not
(LD50 = 5.64 g/kg ± 0.36) [60].

Mbous et al. (2017) performed another study on mice using six imprinting control
regions and comparing the toxicity of DESs and NADESs. They found that NADESs
(LD50 = 1.84 g/mL and 1.24 g/mL) showed higher toxicity than DESs (LD50 = 4.46 g/mL),
probably because of their higher viscosity, leading to a more difficult circulation of the
mixture in mice as well as a higher threshold concentration, which induces liver failure [64].

Chen et al. (2017) tested ChCl/glycerol (1:2) in mice at different doses, from 5000 mg/kg
(no toxicity) to 12,000 mg/kg (death), estimating LD50 via the Karber method. They con-
cluded that mortality is dose-dependent, but that ChCl/glycerol is safe, with an estimated
LD50 of 7733 mg/kg of oral administration (7130–8387 mg/kg, 95% confidence inter-
val) [79].

Recently, Benlebna et al. (2018) administered 3 mL of oral betaine:glycerol (1:2 + 10%
(v/v of water) NADES to Wistar rats, finding a variety of short-term adverse effects, includ-
ing death in some of the specimens. The treatment induced oxidative stress, hyperlipaemia,
weight loss, and excessive water consumption. This could be due to the excessive oral dose
administered to the rats [78].

In conclusion, complementary studies are needed in order to complete these studies,
since few DESs have been tested previously.

3. Ecotoxicity

In addition to studying how DESs can affect humans, it is also important to pay
attention to the environment, since the widespread use of DESs and their introduction in the
market could be an important source of pollution, with a consequent impact on ecosystems
and, ultimately, on humans. Thus, the effect of DESs in natural aquatic, terrestrial, and
aerial media, along with trophic chains, should be studied. However, as previously
mentioned, DESs present very low vapor pressure; therefore, it is not expected that they
can be released in the air. Finally, it is necessary to analyze the available biodegradability
studies to determine how long DESs can remain in the environment. In this section, we
focus on aquatic biomodels and biodegradability. As far as we know, there are no terrestrial
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assays for evaluating the ecotoxicity of DESs. Figure 4 shows a summary of the biomodels
normally used in the evaluation of the ecotoxicity of DESs.
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3.1. Aquatic Biomodels

For a correct assessment of toxicity, tests in different biomodels are required in order to
ensure a complete representation of the trophic chain in the environment. For this reason,
bacteria, algae, crustaceans, plants, and fish should be studied [80]. It has been seen that,
depending on the used organism, there is different sensitivity to the tested compounds [81].
Despite the lack of previous comprehensive ecotoxicological studies on eutectic mixtures,
there are some data available concerning the ecotoxicological effects of these moieties in
bacteria, algae, crustaceans, and fish. In all cases, toxicity depended on the biomodel used
and the components of the deep eutectic mixtures. Furthermore, there are also several
additional factors that directly affect the behavior, which are detailed in the next sections.

Ability to cross biological barriers: The ability to enter organisms is strongly related to
lipophilicity. Thus, it can be affected by many factors, such as the pH [82] or the length of
the alkyl chain. Thus, the toxicity can be modified depending on the charge, and on the
number of carbons in the chain [56].

Presence of water: The presence of water in these compounds modifies their toxicity.
It has been seen that the formation of hydrogen bonds between water (can act both as
donor and acceptor) and DES components leads to the formation of a complex, of which
water molecules form a part [83]. A disruption of the structure of these compounds may
occur at a certain limit of the water content. This interaction can increase or decrease the
toxicity, depending on the used biomodel, the water content, and the composition of the
mixture [84].

Starting materials: Although a clear trend has not been observed, the starting materials
of DESs present different toxicity than the eutectic mixtures [82,84–86]. The physicochem-
ical properties of the eutectic mixtures are different from those of the starting materials,
mainly due to the extent of the hydrogen bonds. Any different molar proportion may give
different properties to the DESs composed of the same starting materials. The interaction of
these compounds with the bacterial membrane seems to cause the toxic effect. However, the
full mechanism of action is still unknown. On the one hand, it is known that compounds
that exhibit charge delocalization are more toxic [87]; thus, it is suspected that eutectic
mixtures that present a delocalized charge in their structure (HBA) interact more with the
membrane, causing its disruption. Depending on the type of HBD of these mixtures, the
charge will be delocalized in the HBA and, therefore, the toxicity will vary. On the other
hand, the formation of hydrogen bonds between the components of the eutectic mixtures
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seems to prevent the formation of these bonds with elements of the plasma membrane [88].
However, other theories maintain that HBDs cause denaturation of the membrane proteins,
activating enzymatic mechanisms that cause bacterial death [89].

3.1.1. Bacteria Biomodel

Most of the studies on the ecotoxicity of DESs were carried out in bacteria—particularly
in Aliivibrio fischeri (A. fischeri). This information was compiled from the existing bibliogra-
phy and is shown in Table 3.

Table 3. Ecotoxicological data of some DESs in A. fischeri.

DES (Molar Ratio) EC50 (mg/L) 15 min EC50 (mg/L) 30 min Reference

ChCl:cetic acid (1:2) 125 ± 15 130 ± 9 [82]
ChCl:acetic acid 200 ± 14 197 ± 17 [82]

ChCl:acetic acid (2:1) 343 ± 32 337 ± 34 [82]
ChCl:lactic acid (1:2) 34.2 ± 2.6 33.6 ± 0.8 [82]

ChCl:lactic acid 63.0 ± 6.0 61.8 ± 11.6 [82]
ChCl:lactic acid (2:1) 68.6 ± 12.3 67.0 ± 36.0 [82]

ChCl:glycolic acid (1:2) 30.4 ± 1.6 30.2 ± 0.8 [82]
ChCl:glycolic acid 33.1 ± 6.1 32.9 ± 5.6 [82]

ChCl:glycolic acid (2:1) 63.0 ± 12.2 62.2 ± 12.4 [82]
ChCl:citric acid (1:2) 15.6 ± 0.9 15.6 ± 0.6 [82]

ChCl:citric acid 22.5 ± 2.6 22.4 ± 2.4 [82]
ChCl:citric acid (2:1) 31.1 ± 2.6 31.9 ± 4.6 [82]

[N1111]Cl:1-propanol (1:1) 19,930 ± 2310 20,870 ± 3950 [89]
[N1111]Cl:1-propanol (2:1) 15,420 ± 3680 16,150 ± 4050 [89]
[N1111]Cl:1-propanol (4:1) 16,430 ± 1720 15,360 ± 1360 [89]
[N2222]Cl:1-propanol (1:2) 20,710 ± 3200 22,260 ± 3110 [89]
[N2222]Cl:1-propanol (1:1) 17,590 ± 5140 18,090 ± 4650 [89]
[N2222]Cl:1-propanol (2:1) 13,860 ± 2250 15,550 ± 2750 [89]
[N2222]Cl:1-propanol (4:1) 8571 ± 898 9500 ± 945 [89]
[N3333]Cl:1-propanol (1:2) 1467 ± 328 1555 ± 374 [89]
[N3333]Cl:1-propanol (1:1) 6106 ± 2350 4981 ± 2199 [89]
[N3333]Cl:1-propanol (2:1) 1700 ± 210 1845 ± 227 [89]
[N3333]Cl:1-propanol (4:1) 989.6 ± 184.6 1120 ± 214.5 [89]

[N1111]Cl:EG (1:2) 29,010 ± 2630 30,200 ± 9610 [89]
[N1111]Cl:EG (1:1) 52,110 ± 5320 53,990 ± 6110 [89]
[N1111]Cl:EG (2:1) 42,410 ± 3600 49,250 ± 2780 [89]
[N1111]Cl:EG (4:1) 54,520 ± 16,970 65,620 ± 18,260 [89]
[N2222]Cl:EG (1:2) 18,980 ± 3620 18,930 ± 3660 [89]
[N2222]Cl:EG (1:1) 24,500 ± 3310 23,940 ± 3420 [89]
[N2222]Cl:EG (2:1) 9069 ± 187 18,610 ± 4860 [89]
[N2222]Cl:EG (4:1) 37,180 ± 9530 36,390 ± 8600 [89]
[N3333]Cl:EG (1:2) 778.6 ± 68.6 971.3 ± 237.7 [89]
[N3333]Cl:EG (1:1) 3074 ± 125 3665 ± 224 [89]
[N3333]Cl:EG (2:1) 908.7 ± 104.5 945.3 ± 119.4 [89]
[N3333]Cl:EG (4:1) 1273 ± 110 1285 ± 143 [89]
ChCl:glycerol (1:2) 86,726 ± 8727 [84]

ChCl:glycerol:water (1:2:1) 143,686 ± 8885 [84]
ChCl:urea (1:2) 26,346 ± 24 [84]

ChCl:urea:water (1:2:1.7) 98,409 ± 9598 [84]
ChCl:EG (1:2) 108,526 ± 19,101 [84]

ChCl:EG:water (1:2:1) 115,450 ± 17,943 [84]

This biomodel is a marine bacterium widely used in ecotoxicity tests due to its ability
to emit a blue-green luminescence. This process is related to the cellular metabolism of the
bacteria, and serves as a sensitive indicator of toxicity [90]. Inhibition of luminescence tests
are carried out on this organism, and offer quick, cost-effective, reproducible, and accurate
information about toxicity [90,91].
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De Morais et al. investigated the ecotoxicity of different mixtures of choline chloride
(HBA) and carboxylic acids (acetic, lactic, glycolic, and citric acids) as HBD. In this case, all
the of EC50 results showed the same ascending pattern of toxicity—ChCl << ChCl:acid (2:1)
<< ChCl:acid << ChCl:acid (1:2) << acid—indicating that the toxicity increases with the acid
content. These results in A. fischeri indicate that the HBD composition plays an important
role in the toxicity of the eutectic mixture. The mechanism of action of these compounds
in A. fischeri seems to be related to their ability to cross the cell membrane. It appears that
the toxic effect occurs in the cytoplasm, altering the pH and affecting cell viability (hence,
the toxic effect when increasing the pH of the acid) [73,92]. Even if the physicochemical
properties of the eutectic mixtures were different from those of the starting materials, the
toxicities between DESs and the reference organic acids were still similar. However, in
this case, the predominant effect of the acids showed similar toxicities between DESs and
their reference organic acids. The DESs tested were also found to be more toxic than the
respective ionic liquids. This could be related to the presence of the delocalized charge of
choline chloride because, as mentioned before, compounds with delocalized charges seem
to be more toxic [87].

In the study carried out by Macario et al., the toxicity of some DESs was tested in
A. fischeri. These compounds were made up of combinations of ethylene glycol and 1-
propanol as HBDs, and ammonium quaternary salts as HBAs, at different molar ratios [89].
In this study, DESs were tested as aqueous solutions, so the components of the mixture
were dissociated. Thus, the positively charged quaternary ammonium salt could have
interacted with polysaccharides or peptide chains of the bacterial membrane thanks to the
formation of hydrogen bonds or electrostatic interactions, producing a cellular disruption
and generating the toxic effect. In this experiment, the trend already reported in other trials
was also observed: the length of the alkyl chain affects toxicity. If the number of carbons in
the alkyl chains increases, the lipophilicity leads to a higher permeability of the compound
in the membrane [93,94]. In this case, the change in HBA structure caused the variation in
toxicity. Other tests also considered the role of HBDs as a determinant of the toxicity of the
compounds [59,61,85].

In another study conducted by the same authors, an estimation of the toxicity of some
DESs was performed by obtaining the EC50 values of their raw materials [95]. The objective
of the test was to observe the synergistic or antagonistic behavior of choline chloride and
ethylene glycol, glycerol, propionic acid, 1,2-propanediol, and urea mixtures at different
molar ratios in A. fischeri. It was seen that most of the compounds showed an antagonistic
effect, being less toxic in combination than their components separately. However, in some
cases, a synergistic effect was observed, showing that sometimes the starting compounds
had less toxicity than the DES. Even so, this was a predictive approach, and it is always
preferable to physically carry out the tests on the corresponding biomodel [89,95]. Nev-
ertheless, it was found that the toxicity of DESs cannot be based on predictions of the
behavior of their starting materials.

3.1.2. Crustacean

Daphnia magna (D. magna) is a planktonic crustacean highly sensitive to environmental
changes. It is used in toxicity studies due to its short life cycle and standardized pro-
tocols, with the mobility of the Daphnia being a quantifiable toxicity parameter [96,97].
Bibliographic information on the toxicity of DESs towards D. magna assays is presented in
Table 4.
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Table 4. Ecotoxicological data of some DESs in D. magna.

DES (Molar Ratio) EC50 (mg/L) Reference

ChCl:glycerol (1:2) 2528 ± 151 [84]
ChCl:glycerol:water (1:2:1) 1762 ± 83 [84]

ChCl:urea (1:2) 1099 ±25 [84]
ChCl:urea:water (1:2:1.7) 1533 ± 37 [84]

ChCl:EG (1:2) 1868 ± 175 [84]
ChCl:EG:water (1:2:1) 2353 ± 46 [84]

As far as we know, there has only been one previous study, carried out by Lapeña
et al., in which this biomodel was used to test the ecotoxicity of DESs [84]; They studied
some DESs and their mixtures with water:glycerine (Gly) (1:2 choline chloride:glycerol),
reline (Rel) (1:2 choline chloride:urea), ethaline (Etha) (1:2 choline chloride:ethylenglicol),
glycerine and water (GlyW) (1:2:1 choline chloride:glycerol:water), reline and water (RelW)
(1:2:1.7 choline chloride:urea:water), and ethaline and water (EthaW) (1:2:1 choline chlo-
ride:ethylenglicol:water). Results obtained with D. magna were compared to those ob-
tained for other biomodels, such as A. fischeri and Raphidocelis subcapitata (R. subcapi-
tata). The ranges of concentrations tested for D. magna studies were 150–4500 mg/L
for Rel, 250–8200 mg/L for RelW, 300–1000 mg/L for Gly, 350–12,000 mg/L for GlyW,
190–6000 mg/L for Etha, and 250–8000 mg/L for EthaW. The results of this study showed
the dependence of the biomodel used. In this case, D. magna turned out to be the most
sensitive biomodel. None of the mixtures were considered toxic, since the EC50 values
found were higher than 1000 mg/L. The addition of water to the compound modified its
toxicological properties; however, the reason for this phenomenon could not be ascertained.

On the other hand, there are studies on phosphonium-type DESs [73] and ChCl-
DESs [88] tested in Artemia salina (A. salina). Tests performed with this bioindicator are
widely used for the detection of many toxic substances (heavy metals, pesticides, detection
of mycotoxins, etc.), and are very useful for a preliminary study of toxicity [98].

It seems that A. salina was very susceptible to phosphonium-based DESs and ChCl-
based compounds. In both assays, to determine the toxicity, the mortality was quantified,
counting the number of dead brine shrimp over time. The time it took for 2, 4, 6, and
10 specimens to die was recorded, in minutes. The phosphonium-based DESs were formed
from methyltriphenylphosphonium bromide (MTPB) combined with glycerine (Gly), ethy-
lene glycol (EG), and triethylene glycol (TEG) as HBDs. It was observed that the highest
survival time for 10 specimens was only 3.58 min for MTPB:TEG, followed by MTPB:EG
(3.27 min) and MTPB:Gly (2.32 min) [73]. For the ChCl-based compounds, the tested DESs
were based on ChCl as an HBA and glycerine (Gl), ethylene glycol (EG), triethylene glycol
(TEG), and urea (U) as HBDs. In this case, the survival times were higher, but still not
enough: 5.32 min for ChCl:Gl, 10.13 min for ChCl:EG, 2.58 min for ChCl:TEG, and 4.05 min
in ChCl:U DESs. In both assays, the toxicity of the primary materials was lower than the
DESs’ toxicity [88].

3.1.3. Algae

There are not many studies of DESs in algae. Lapeña et al. [84] studied the ecotoxicity
of pure DES in Raphidocelis subcapitata (R. subcapitata) (algae), which is a unicellular green
alga commonly used in this kind of study due to its easy cultivation, good sensitivity, and
involvement in biomagnification processes [99,100]. This information is shown in Table 5.



Appl. Sci. 2021, 11, 10061 14 of 21

Table 5. Ecotoxicological data of some DESs in R. subcapitata.

DES (Molar Ratio) EC50 (mg/L) Reference

ChCl:glycerol (1:2) 7080 ± 65 [84]
ChCl:glycerol:water (1:2:1) 6617 ± 159 [84]

ChCl:urea (1:2) 8532 ± 157 [84]
ChCl:urea:water (1:2:1.7) 2896 ± 103 [84]

ChCl:EG (1:2) 9196 ± 795 [84]
ChCl:EG:water (1:2:1) 3536 ± 77 [84]

The range concentrations tested in algae were 1000–40,000 mg/L for Rel, 100–50,000 mg/L
for RelW, 500–60,000 mg/L for Gly, 1000–45,000 mg/L for GlyW, 200–45,000 mg/L for Etha,
and 100–45,000 mg/L for EthaW. Results for the algae biomodel followed a decreasing
pattern, as follows: RelW > EthaW > GlyW > GLy > Rel > Etha.

3.1.4. Fish

Juneidi et al. [85] tested ChCl mixed with different alcohol group compounds (glyc-
erine, EG, diethylene glycol, and TEG), sugar group compounds (fructose and glucose),
acid group compounds (p-toluene sulfonic acid, malic acid), ZnCl2, and U in the biomodel
Cyprinus carpio fish. The test was performed at 10, 30, 50, 80, and 100 mg/L concentrations,
and the mortality was recorded after 96 h and employed to calculate the LC50. DESs were
classified according to the Passino and Smith classification [101], from practically harmless
to highly toxic. In this test, only DESs formed by ZnCl2 showed toxicity; the other DESs
were considered practically harmless, low-toxicity compounds (LC50 > 100 mg/L). This
information was compiled from the existing bibliography and is shown in Table 6.

Table 6. Ecotoxicological data of some DESs in Cyprinus carpio.

DES (Molar Ratio) LC50 (mg/L) Reference

ChCl:ZnCl2 (1:2) 4099 [85]
ChCl:urea (1:2) >100 [85]

ChCl:glycerol (1:3) >100 [85]
ChCl:EG (1:3) >100 [85]

ChCl:diethylene glycol (1:2) >100 [85]
ChCl:TEG (1:3) >100 [85]

ChCl:fructose (2:1) >100 [85]
ChCl:glucose (2:1) >100 [85]

ChCl:malonic acid (1:1) >100 [85]
ChCl:p-toluene sulfonic acid (1:3) >100 [85]

3.2. Terrestrial Biomodels

Terrestrial environments have the greatest diversity of organisms contributing to
decomposition processes; however, these environments can be affected by chemicals that
have been deposited in soil. In order to predict how substances impact on soil-dwelling
organisms, and the potential damage to soil ecosystems [102], special toxicity studies
on representative terrestrial organisms can be carried out. Edaphic organisms are the
most widely used biomodel to evaluate the quality of soil; they are important because
of their functions in decomposition, cycling, and regularization of nutrients in biological
systems [103,104].

Several papers show the toxicity of organic pollutants [103,104], domestic efflu-
ents [105], hydrocarbons [106], solvents from biomass [25], and heavy metals [107] in
terrestrial environments. However, no existing literature on terrestrial toxicity has been
found. It seems that ecotoxicity essays of DESs have not yet been carried out on these types
of biomodels. More systematic studies should be carried out in order to ascertain the real
environmental impact of chemicals.



Appl. Sci. 2021, 11, 10061 15 of 21

3.3. Biodegradability

Biodegradation tests have been widely performed to determine the impact of these
substances in the environment. Most of the tests used methodologies in accordance with
the OECD 301 D guidelines for the evaluation of aerobic biodegradability [101].

Cholinium-based solvents have been determined to be readily biodegradable [108],
showing more than 60% biodegradability in a time lapse between 7 and 14 days. Com-
pounds tested by Kristina Radošević et al. [61] reached 96% biodegradability for ChCl:oxalic
acid, 84% for ChCl:glyceline, and 66% for ChCl:glucose. The individual components of
mixtures were also classified as readily biodegradable according to the OECD criteria. In
the case of reported DESs, it was found that low toxicity is related to higher biodegradabil-
ity [61,87].

For ILs, the alkyl chain and the lipophilicity of the compound influence its biodegrad-
ability, although it has been seen that some compounds show worse biodegradability
profiles due to the presence of a larger number of carbons [109]. The effect of hydroxyl
groups also improves biodegradability.

Wen et al. determined the biodegradability of eight DESs combining two cholinium
salts with four HBDs. It was found that ChCl-based DESs presented a higher biodegrad-
ability than ChAc-based ones. However, in this test, only ChCl/urea and ChCl/acetamide
compounds could be considered to be readily biodegradable [87].

In other works, the pure DES, glycerine (Gly), reline (Rel), and ethaline (Etha) were
considered to be readily biodegradable, but when these mixtures were combined with
water, the biodegradability of Gly and Etha decreased, while Rel reached a final percentage
of biodegradation notably higher than that of the pure mixture [84]. Since there is not
yet any proven explanation as to how the introduction of water into the system affects
these compounds’ biodegradability, only assumptions can be made. To obtain a full
understanding of the influence of water on biodegradability, it is necessary to know how
water affects the physicochemical and, therefore, the toxicological and biodegradable
properties of these chemicals. DESs are formed via intermolecular hydrogen bonding
between the individual components of the mixture. When water is introduced, these
intermolecular bonds are broken, and new ones are formed with water [110]. Higher
concentrations cause a reduction in inter- and intramolecular interactions, so dissociation
can be more easily observed [111]. The dissociation of the mixture compounds could be one
of the causes of variation in biodegradability. In general, no clear trend has been reported
to date.

4. Conclusions and Future Perspective

The toxicity of a wide variety of DESs has been evaluated. Different biomodels have
been used for this purpose, and in vitro studies have been carried out to a higher extent
than in vivo studies. In general, several key factors have been identified as being relevant
to the cytotoxic effects of some DESs, such as the selection of different HBAs or HBDs, the
presence of organic acids as HBDs (pH alteration), the molar ratios of the components, the
occurrence of synergistic toxicity, and the incorporation of components that alter metabolic
pathways or viscosity levels. Fewer studies have been conducted using in vivo models,
and more such studies would be an important step for the future development of DESs
and their possible applications in the health field.

Moreover, different sensitivities of diverse biomodels have been found in ecotoxicity
studies of DESs. The composition of DESs (e.g., HBA/HBD components or the ability to
cross cell barriers, among others) also influences ecotoxicity results. It can be highlighted
that the individual toxicity of the initial components cannot be used as a predictive factor of
DES ecotoxicity. Nevertheless, the starting materials are indicative of the biodegradability
properties of the final DES.

DESs are still promising solvents with many applications, but their safety should be
deeply checked prior to their generalized use. A lack of predictive methods for (eco)toxicity
behavior has also been identified. As mentioned, the large number of possible combinations
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of DES components makes it difficult to characterize and generalize their properties.
Future investigations should address this problem. A comprehensive database for the
(eco)toxicological properties of DESs, covering several endpoints and as many HBA/HBD
combinations as possible, is needed as a first step. Secondly, computational predictive
methods must be developed, supporting the variability of components of the mixtures and
different prediction conditions.
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A. fischeri Aliivibrio fischeri
A375 Human malignant melanoma cell line
ALT Alanine transaminase
AST Aspartate transaminase
B16F10 Murine melanoma cell line
CaOV3 Human adenocarcinoma ovary cell line
CCO Channel catfish ovary
ChCl Choline chloride
D. magna Daphnia magna
DESs Deep eutectic solvents
EC50 Effective concentration at 50%
IC50 Inhibitory concentration at 50%
EG Ethylene glycol
Etha Ethaline
EthaW Ethaline and water
Gly Glycerine
GlyW Glycerine and water
GlyW Glycerine and water
H413 Human squamous-cell carcinoma, buccal mucosa
HaCat Human keratinocyte cell line
HBA Hydrogen bond acceptor
HBD Hydrogen bond donor
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HEK-293 Human embryonic kidney
HelaS3 Human cervical cancer cell line
ILs Ionic liquids
LC50 Lethal concentration at 50%
MCF-7 Human breast cancer cell line
MNT-1 Human malignant melanoma cell line
MTPB Methyltriphenylphosphonium bromide
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
N1111 Tetramethylammonium chloride
N4444 Tetrabutylammonium chloride
NADESs Natural deep eutectic solvents
PC3 Human prostate cancer cell line
R. subcapitata Raphidocelis subcapitata
Rel Reline
RelW Reline and water
scCO2 Supercritical carbon dioxide
scH2O Supercritical water
scNH3 Supercritical ammonia
TEG Triethylene glycol
U Urea
WRL-68 Human cervical cancer cell line
WST-1 Water-soluble tetrazolium salt
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