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The design of environmentally friendlier solvents has gained increasing relevance in the last decade. Deep eu-
tectic solvents (DES) have recently emerged, with advantages like low-cost and putative lower environmental
impact. However, information about DES toxicity is still scarce. This work aims to contribute to profiling the
ecotoxicity of DES based on cholinium chloride ([Chol]Cl). Six DES were addressed, combining [Chol]Cl (as
hydrogen bond acceptor — HBA) with ethylene glycol, glycerol, 1,2-propanediol, propionic acid, 1-propanol, and
urea as hydrogen bond donors (HBD), in different molar ratios. The Microtox~ Acute Toxicity Test, was used for
assessing their toxicity towards the marine bacteria Allivibrio fischeri . Because the dissociation of DES in water is
expected, analysis appraising the mixtures toxicity theory should be considered, which is a step forward in this
field. This analysis suggested that [Chol]Cl and all HBD with the exception of propionic acid:[Chol]Cl 1:2 and
4:1 behave antagonistically, which is contrary to what has been suggested previously. The most extreme cases
are Urea:[Chol]Cl and 1-Propanol:[Chol]Cl, with ECsq values higher than their starting materials dosed singly,
configuring very promising and biocompatible alternative solvents. Toxicity was found to be dependent on DES

composition, as well as on molar proportions of the starting materials.

1. Introduction

The concept of “Green Chemistry” was introduced in the early
1990's with the propose of designing and applying chemical products
and processes in order to reduce, or preferentially eliminate, the use
and generation of hazardous substances (Anastas and Warner, 1998). In
this field, the design of environmentally friendlier solvents compared to
their traditional counterparts has gained increased attention.

Deep eutectic solvents (DES) emerged in this context. They are
simple to prepare and do not need purification, have low-cost produc-
tion due to the low cost of starting materials, and have been showing
good biocompatibility (Hayyan et al., 2013b; Jhong et al., 2009; Singh
et al., 2012). These solvents were first developed combining urea with
cholinium chloride (Abbott et al., 2003), but DES can be prepared
through the mixing of two or three different components belonging to
different chemical families (e.g., quaternary ammonium salts, amides,
organic acids, polyalcohols), forming an eutectic mixture based on
hydrogen bonding interactions between the components, with a
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melting point much lower than either of the individual components
(Dai et al., 2013; Ruf’ and Konig, 2012; Zhang et al., 2012). The melting
point depression of DES is hypothesized to be caused by charge delo-
calization due to the hydrogen bonding between the halide anion
(hydrogen bond acceptor; HBA) and the hydrogen bond donor (HBD)
(Abbott et al., 2003). However, recent studies using ab initio molecular
dynamic simulations were developed to gain insights on the charge
spreading in the liquid state and casted strong doubts on this hypothesis
(Zahn et al., 2016).

DES can be used in several applications in areas such as synthesis,
metal-catalysed organic reactions and biocatalysis, electrochemistry,
nanomaterial's, extraction and purification processes and in the phar-
maceutical and biomedical fields (Farias et al., 2017; Mbous et al.,
2017a; Smith et al., 2014; Tang and Row, 2013; Zhang et al., 2012).
However, the application of these solvents at an industrial scale re-
quires the previous knowledge of their environmental impact and fate
(e.g. biodegradation and ecotoxicity) (Radosevic et al., 2015). Studies
about DES toxicity are still scarce to fully understand their toxicological
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profile, and the overall assumption of the DES benign character is
mostly based on the low toxicity of their precursors (Radosevic et al.,
2015). However, this assumption disregards putative interaction effects
between the DES compounds, including synergic toxic effects (Hayyan
et al., 2013b). The toxicity of cholinium chloride and phosphonium-
based DES was assessed through organisms, namely crustaceans
(Hayyan et al., 2013a, 2013b), bacteria (De Morais et al., 2015; Hayyan
et al,, 2013a, 2013b; Zhao et al., 2015; Wen et al., 2015), fungi
(Cardellini et al., 2015; Juneidi et al., 2016), plants (Radosevi¢ et al.,
2015; Wen et al., 2015), invertebrates (Huang et al., 2014; Wen et al.,
2015), fish (Juneidi et al., 2016), mice (Hayyan et al., 2015), and
several cell lines (Hayyan et al., 2016, 2015; Mbous et al., 2017b; Paiva
et al., 2014). The ecotoxicological profile of the DES previously studied
did not highlight any specific rule, being the toxic effects dependent on
DES composition, concentration, and test model. This hampers the
application of predictive models of DES ecotoxicity, thus requiring its
specific characterization, before generally concluding on their benign
character and their suitability for large-scale use.

The aim of this study is to evaluate the ecotoxicity of cholinium
chloride-based DES, since this is one of the widespread precursors most
used in their formation. Cholinium chloride or (2-hydroxyethyDtri-
methylammonium chloride) abbreviated in this work as [Chol]Cl, is a
quaternary ammonium salt member of vitamin B family and used in
several metabolic pathways (Florindo et al., 2014). It is cheap, biode-
gradable and non-toxic, and it is approved as a nutritional additive for
animals (FEEDAP, 2011). Six [Chol]Cl-based DES containing ethylene
glycol, glycerol, 1,2-propanediol, propionic acid, 1-propanol, and urea
as HBD, in different molar ratios, were screened for their environmental
hazardous potential using the Microtox~ Acute Toxicity Test. This sen-
sitive and widely accepted test (Johnson, 2005) allowed us to gain
specific insights on the role of the HBD and molar ratio between HBA
and HBD in the overall toxicity of [Chol]Cl-based DES. Considering the
dissociating nature of DES when standing in a significant amount of
water (Dai et al., 2015; Passos et al., 2016), this work provides a basic
analysis of their toxicity considering them as binary mixtures of two
precursors. In this context, the toxicity of different DES analyzed as
mixtures was compared to that of their precursors.

2. Material and methods
2.1. DES preparation

The following chemical compounds were used for DES preparation:
[ChollCl (98% purity) was purchased from Acros Organicw, Geel,
Belgium; ethylene glycol (99.5% purity) was purchased from Sigma
Aldrich®, St. Louis, Missouri, EUA; 1,2-propanediol from Panreac’,
Barcelona, Spain; propionic acid (99% purity) from Merck’, Darmstadt,
Germany; glycerol (99,8% purity) was purchased from Fischer
Chemical’, Hampton, New Hampshire, EUA; urea (99% purity) from
Panreac’, Barcelona, Spain; and 1-propanol (99.5% purity) was ac-
quired from Merck®, Darmstadt, Germany.

Each DES was prepared in the following molar ratios: 1:2, 1:1, 2:1
and 4:1 (HBD:HBA). Briefly, HBD and HBA were added gravimetrically
to closed vials and heated with constant agitation. After the formation
of a transparent liquid, the mixture was cooled down to room tem-
perature to obtain each DES. Since the purpose of this study was the
evaluation of the ecotoxicological character of DES, some of the stock
eutectic mixtures were prepared by adding a known volume of water.
The water content of the starting materials and of DES was determined
by Karl Fischer titration and considered in the calculation of the toxicity
(Table S1).

2.2. Microtox” Acute Toxicity Test

The Microtox™ Toxicity Test (Microbics Corporation, 1992) was used
to assess the toxicity of the prepared DES as well as the starting

598

Ecotoxicology and Environmental Safety 165 (2018) 597-602

materials, through the inhibition of the luminescence of the marine
bacteria Allivibrio fischeri. This test was performed using a range of di-
luted aqueous solutions (from 0% to 81.9%) of each stock solution.
After 5, 15, and 30 min of exposure to the test dilutions, the light output
of the luminescent bacteria was measured and compared with the light
output of a blank control sample. In this work, the concentrations of
each sample tested were not checked before the toxicity measurements.
The reasoning for this option combines three essential features of the
established test system. First, the exposure period is very short
(30 min), which renders very unlikely any significant degradation; de-
gradation of these compounds under the conditions of this specific
assay was not evidenced so far. Then, under these conditions, [Chol]Cl
and each HBD used in this work are completely soluble in water (Farias
et al., 2018; Vieira et al., 2018), which renders the final solutions
stable. Finally, the focus here was in the methodologies used for the
analysis of DES toxicity rather than on establishing actual effect con-
centrations, although we estimate them for internal comparison pur-
poses. These data were used to estimate the concentrations that pro-
mote 50%, 20% and 10% of luminescence inhibition (Effective
Concentration, ECsy, ECyo and EC;q, respectively) and the corre-
sponding 95% confidence intervals through a non-linear regression,
using the least-squares method to fit the data to the logistic equation.
These analyses were performed using STATISTICA, version 8.0 software
(StatSoft, 2007). This test was applied to DES and starting materials
described above.

2.3. Mixture toxicity assessment

In order to compare DES toxicity with the toxicity of corresponding
starting materials, we assumed that each DES is a mixture composed by
the two starting materials as all concentrations tested in the Microtox®
assay comprise more than 18.3% of water (note that only in the highest
concentration tested (81.9%) the amount of water is less than 50%) (see
Table S1). A basic approach to primarily address mixtures toxicity is the
application of the model of Concentration Addition (CA) for the joint
action of chemicals (Berenbaum, 1985). CA assumes that mixture
components act as dilutions of each other because they have a similar
mode of action. DES are thought to act as membrane disruptors
(Hayyan et al., 2015; Mbous et al., 2017b), thus we are assuming here
that this is the common mechanism through which they exert toxic
effects. The suitability of the CA model is also supported by its argued
higher conservativeness in environmental assessment compared to the
alternative model for mixture toxicity of Independent Action that as-
sumes dissimilar modes of action of the mixture components
(Cedergreen et al., 2008). CA is mathematically represented in Eq. (1),
where Ci represents the individual concentrations of each i component
present in the mixture with a total effect of x % and ECxi are those
concentrations of the components that would alone cause the same
effect xi as observed for the mixture.

Zn Ci -1
i=1 ECx;

As deducible from CA formulation, the toxic strength of a mixture is
given by the sum of the quotients Ci/ECx; (toxic units; TU), which
should equal 1 if there are no interactions between the components of
the mixture, i.e. if they behave through simple additivity. On this basis,
we calculated the TU sum for each DES (TUpgs) using the estimated
ECs, following exposure to each DES and the corresponding starting
materials, as detailed in Eq. (2):

+ [ECxB DES
ECsoB
where, A and B represent each component of the mixture, i.e. the

starting materials; ECso DES correspond to the ECso values of the
starting materials (A or B) dosed as part of the DES (this concentration

@
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values where calculated according to their molar proportion in the
DES); ECso (A or B) corresponds to the ECso values of the starting
materials. If the outcome (TUpgs) equals 1, the logical interpretation is
that there are no interactions between the components of the mixture
and each starting material acts as a dilution of the other when exerting
the monitored effect. A TUpgs higher than 1 suggests an antagonist
behavior of the mixture components, reflecting an environmentally
protective effect of the DES compared to the corresponding starting
materials dosed alone. On the contrary, TUpgs below 1 suggests sy-
nergic interactions between the starting materials within DES in indu-
cing toxicity to A. fischeri.

3. Results and discussion

This study evaluates the toxic profile of six [Chol]Cl-based DES, as
well as their starting materials, using the CA model of mixtures toxicity.
For this purpose, a comparative analysis of estimated 30 min-ECs re-
garding the luminescence of A. fischeri was carried out, both con-
sidering the starting materials and series combining them in different
proportions to establish different DES. Given their relevance as en-
vironmental benchmarks for future integrated risk assessment, EC;,
ECy, ECso, were estimated and are presented in Supplementary
Material (Table S2).

3.1. Ecotoxicity of the starting materials

Concerning starting materials, glycerol showed the highest 30 min-
ECso value (114,194.5mgL™"!) followed by ethylene glycol
(96,491.62mgL~ ") and 1,2-propanediol (82,573.93mgL™ "), with
95% confidence intervals overlapping, thus suggesting that their toxi-
city towards the bacteria was not significantly distinct (Table 1). On the
other hand, propionic acid was found to be the most toxic starting
material (30 min-ECs, = 4.857 mg L™ 1), followed by [Chol]Cl showing
a 30 min-ECsq value higher by two orders of magnitude (Table 1). Al-
though [Chol]Cl is perceived as a non-toxic molecule (FEEDAP, 2011)
and clearly biocompatible - provided that mammalian cells use it as the
preferred cellular raw material for the synthesis of cellular membrane
lipids (Lodish et al., 2000) - our results show that their environmental
impact should be determined as [Chol]Cl is combined with different
HBD to form different DES. Based on the United Nations Globally
Harmonized System of Classification and Labelling Chemicals (GHS)
(UN, 2011), only propionic acid can be considered hazardous to the
environment (1 < ECso < 10mgL™1).

The octanol-water partition coefficients (log P) could be a valuable
parameter to gain an insight on the putative mechanism ruling the
toxicity of starting materials. This parameter can be used to explain
structure-(eco)toxicity relationships across chemical series due to the
ability of 1-octanol to mimic the behavior of a lipid phase (Sangster,
1997). A higher affinity to 1-octanol would translate a high lipophilic
character, and consequent higher toxicity, due to the affinity of the
chemicals to living tissues (Sangster, 1997).

Table 1
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Although there is no information regarding the values of log P of the
studied DES, information about the hydrophilicity/lipophilicity of the
starting materials is available and assist interpretations on DES beha-
vior as interacting with a biological membrane.

All HBD starting materials have low log P values, suggesting their
hydrophilicity: glycerol (-2.32); urea (-2.11); ethylene glycol (-1.69);
1,2-propanediol (-1.34); 1-propanol (0.34) and propionic acid (0.25)
(Chemspider, accessed on January 23, 2018). As a narcotic mode of
toxic action can be assumed ruled by the interaction with cell mem-
branes, hydrophilic molecules are normally less toxic because they can
more hardly reach the inner cell than lipophilic alternatives (Verhaar
et al., 2000, 1992). In fact, propionic acid was the least hydrophilic
compound and that showing the higher toxicity to A. fischeri compared
to other HBD (Table 1). The increase of hydrophilicity is in good
agreement with the decrease of toxicity, confirming that membrane
permeability to the HBD should be the main driver of the noticed toxic
effects. The higher affinity to water (lower log K,,,) resulting in lower
toxicity was also described for other molecular compounds (McKarns
et al., 1997). Since these log P values were lower than 4.5, one can
assume that the affinity of these compounds to lipids is insufficient to
exceed the bio-accumulation criterion (ECHA, 2017).

3.2. Ecotoxicity of cholinium-based DES

Recurrently in the literature, DES toxicity has been analyzed as-
suming these mixtures as novel non-dissociating compounds, instead of
recognizing them as actual binary mixtures of two precursors. However,
in the last years several works studied the integrity of the DES complex
in water and find that water levels above a certain threshold, cause the
dissociation of the two starting materials (Dai et al., 2015; Hammond
et al., 2017; Passos et al., 2016; Zhekenov et al., 2018). Supported by
this information we proposed to apply the mixture theory to studied
DES toxicity. Still, comparative analyses of bulk DES toxicity (ECsq
values) are useful as a first step to generally understand the environ-
mental hazard level variation provided by changes in DES composition,
and they allow (limited) comparison with previous toxicity studies.

In this context, it is worth highlighting that, regardless HBD:HBA
ratios, some tested DES mixtures (ethylene glycol:[Chol]Cl, glycerol:
[Chol]Cl, propionic acid:[Chol]Cl and 1,2 propanediol:[Chol]Cl; Fig. 1)
induced 50% A. fischeri luminescence inhibition at mass-per-volume
concentrations between the benchmark found for corresponding HBA
and HBD, consistently with e.g. De Morais et al. (2015). On the con-
trary, the ECsq values found for urea:[Chol]Cl and 1-propanol:[Chol]Cl
were higher than those found for both the respective starting materials
as also found in previous studies with cell lines (Hayyan et al., 2015).
Furthermore, the general trend for a decrease in the ECs, values as the
HBD changes (considering that the HBA was kept unchanged as
[Chol]Cl) and as its molar proportion increases within each DES can be
interpreted in Fig. 1. This suggests that the HBD may have a role in
modulating the ecotoxicity of the DES and in fact, several studies have
been arguing that HBD have a significant influence on the toxicity

Effective concentration values (ECo, EC, ECs) inmg L™ ! and the respective 95% confidence intervals (CI), obtained after 30 min of exposure of the marine bacteria
A. fischeri (Microtox" toxicity test) to different chemical compounds used as starting materials to produce DES. Bold font type was used to highlight the lowest (the

most toxic) and highest (the least toxic) values.

ECyo (mgL™ b
(95% CI)

Chemical compound

ECg (mgL™") ECso (mgL™?!)
(95% CI) (95% CI)

[Chol] C1 240.9 (138.0 — 343.7)

291.4 (206.5 - 376.3) 403.3 (347.7 — 458.9)

Ethylene glycol
Glycerol
Propionic acid
1,2-Propanediol
Urea

1- Propanol

23,997.5 (8524.0 — 39,471.0)
18,780.9 (1077.7 — 36,484.2)
3.1(24-3.8)

33,192.8 (17,547.7 - 48,837.9)
8234.5 (5073.3 - 11,395.8)
3065.0 (1922.6 — 4307.4)

40,118.6 ( 20,927.6 — 59,309.5)
36,585.9 (10,844.9 - 62,326.8)
3.6 (3.1-4.2)

46,475.9 ( 30,401.4 - 62,550.3)
12,344.5 (8880.1 - 15,809.0)
4572.3 (3199.1 - 5945.4)

96,491.6 ( 69,956.5 — 123,026.7)
114,194.5 ( 69,121.6 - 159,267.4)
4.8 (4.6 - 5.0)

82,573.9 ( 66,258.3 - 98,889. 6)
24,643.2 ( 20,553.7 — 28,732.8)
9052.3 (7474.7 - 10,629.9)
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Fig. 1. Variation of ECs values estimated at 30 min of exposure for the six studied DES and the respective starting materials (white squares). The bars represent the

confidence limits.

Table 2

Toxic strength corresponding to the 30 min-ECs, values determined following
exposure of A. fischeri to each DES. The type of interaction between the com-
ponents of each mixture (HBD and HBA) suggested by the TU values was noted
in addition to facilitate interpretation.

DES (molar ratio HBD:HBA) TU sum Interaction
Ethylene glycol: [Chol] Cl (1:2) 183 Antagonist
Ethylene glycol: [Chol] CI (1:1) 117 Antagonist
Ethylene glycol: [Chol] Cl (2:1) 55 Antagonist
Ethylene glycol: [Chol] Cl (4:1) 44 Antagonist
Glycerol: [Chol]Cl (1:2) 168 Antagonist
Glycerol: [Chol] Cl (1:1) 115 Antagonist
Glycerol: [Chol] Cl (2:1) 112 Antagonist
Propionic acid: [Chol]Cl (1:2) 0.4 Synergist
Propionic acid: [Chol] Cl (1:1) 1.4 Antagonist
Propionic acid: [Chol] Cl (2:1) 1.3 Antagonist
Propionic acid: [Chol] Cl (4:1) 0.8 Synergist
1,2-Propanediol: [Chol]Cl (1:2) 120 Antagonist
1,2-Propanediol: [Chol] Cl (1:1) 118 Antagonist
1,2-Propanediol: [Chol] Cl (2:1) 52 Antagonist
1,2-Propanediol: [Chol] Cl (4:1) 58 Antagonist
Urea: [Chol] Cl (1:2) 143 Antagonist
Urea: [Chol] Cl (1:1) 104 Antagonist
Urea: [Chol]Cl (2:1) 56 Antagonist
Urea: [Chol] Cl (4:1) 37 Antagonist
1-Propanol: [Chol] Cl (1:2) 92 Antagonist
1-Propanol: [Chol]ClI (1:1) 61 Antagonist
1-Propanol: [Chol] CI (2:1) 29 Antagonist
1-Propanol: [Chol] Cl (4:1) 17 Antagonist

profiles (De Morais et al., 2015; Hayyan et al., 2016, 2013b, 2013a;
Paiva et al., 2014; RadoSevi¢ et al., 2015; Wen et al., 2015). Although
some authors refer to synergism between the starting materials of
phosphonium (Hayyan et al., 2013a) and [Chol]Cl-based DES (Hayyan
et al., 2015), many still support the viewpoint that a DES complex re-
mains integrated in aqueous solution (Hayyan et al., 2015, 2013a;
Huang et al., 2014; Juneidi et al., 2016), which is challengeable under
the conditions used to expose biological systems to DES.

As shown by e.g. De Morais et al. (2015), different molar
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proportions between the HBD and HBA in a DES imply a variation of
toxicity and different physico-chemical properties, which seems to
suggest that each molar ratio represents an individual compound that
should be studied as such. Still, there are evidences denoting that when
DES are diluted in aqueous solutions (such as in dilutions set for and
within the Microtox® Test), water competes for the hydrogen bonding
and the DES tends to become a mixture of the starting materials dis-
sociated in water. Recently, Dai et al. (2015) showed a progressive
rupture of hydrogen bonding network of NADES upon addition of water
and established that following an addition of water of more than 50%
v/v, the resulting solution consisted of a mixture between the starting
materials. Furthermore, Passos et al. (2016) concluded on DES integrity
destruction when used in the formation of aqueous biphasic systems,
with some very specific exceptions (Farias et al., 2017). They argued,
that in general and when in water, the disruption of the hydrogen-bond
interactions of the (DES) complex occurs, as a result of the isolated
components preferential solvation by water.

Despite these evidences, and as to our knowledge, the present study
is the first that attempts to apply the principles of mixtures toxicity
theory, in order to more accurately understand the differences in
toxicity as different molar ratios between starting materials are used to
synthesize DES. If one assumes that the DES is a mixture combining two
starting materials diluted in water for testing (note that only the highest
concentration tested is less diluted than 50% in the Microtox® protocol
we used), DES toxicity can only be directly compared with that of the
starting materials when the toxicity of one and the other component are
exactly the same, which is unlikely to happen and did not happen in the
present study. An alternative approach that takes into account the re-
lative toxicity of the mixture components is the use of the dimensionless
TU scale for comparison as we carried out here.

The toxic strength of the DES, expressed as the TU for the various
molar ratios between the starting materials studied is shown in Table 2.
This calculation of TU allows the interpretation of the interaction be-
tween DES components while inducing toxic effects and indicates the
potential of each mixture to behave synergistically or antagonistically.
For most tested systems, the TU was much higher than 1, suggesting a
strong antagonist interaction between the starting materials. This
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behavior supports previous reports of DES as having lower toxicity than
their individual components (Huang et al., 2014; Juneidi et al., 2016;
Radosevi¢ et al., 2015; Wen et al., 2015), denoting a potential en-
vironmentally protective effect of the DES compared to the corre-
sponding starting materials dosed alone. A tendency towards more than
additive, possibly synergistic effects was only noticed for some molar
ratios of DES composed by propionic acid as HBD (TU values below 1 in
Table 2). Synergistic effects are translated in practice by a higher
toxicity of the DES, hence higher environmental hazard potential,
compared to its starting materials dosed alone. It is noteworthy that this
TU-based analysis is consistent with the picture provided by the pre-
vious analysis based on the variation of ECsy values denoting the re-
levance of the HBD in modulating the DES toxic response. In fact, the
antagonism must have been driven by the HBD considering that
[Chol]Cl was always the HBA and provided that propionic acid was able
to reverse the putative behavior of mixture components from antag-
onistic to a synergistic one depending on the molar ratios involved.
Interestingly, the magnitude of the interaction between the starting
materials was invariably higher (higher or lower TU values) as the
molar proportion of the HBD was lower within the same DES (1:2 ratio).
This suggests that a very small concentration of HBD is sufficient to
trigger interactive effects, which generally meant rendering the DES
eco-friendlier compared to DES containing higher relative proportions
of HBD.

Despite the TU-based analysis provided roughly the same outcome
regarding the importance of the HBD in defining the ecotoxicity of the
DES compared to the ECso-based analysis, this consistency was not
verified regarding general ecotoxicity trends. More specifically, a direct
comparison of the ECsq values (see Fig. 1 for an integrative view) in-
dicates that DES require intermediate mass-per-volume concentrations
compared to the corresponding starting materials to decrease biolu-
minescence by 50%. However, their toxicity is not intermediate be-
tween starting materials, but rather lower than that of the starting
materials dosed singly for all DES, except those using propionic acid as
HBD, as evidenced by the strong antagonistic behavior trend denoted
by TU analysis (Table 2). These TU values much higher than 1 mean, in
practice and by decomposing the CA model formulation, that higher
concentrations of mixture components are necessary to jointly elicit
50% luminescence inhibition than if each component was dosed alone.

Still, a literature review on the toxicity of traditional organic sol-
vents towards A. fischeri (Table 3) allows questioning on the typical
touting of DES as their benign replacers. Our results showed that the
most toxic DES (propionic acid:[Chol]Cl), as well as many other tested
DES, was more toxic than some of the most used traditional organic
solvents (please confront Tables 1, 3). Consistently, the study of
Radosevi¢ et al. (2015) indicated that other [Chol]Cl-based DES were as
good cell line growth inhibitors than some commonly used organic
solvents.

The biodegradability of the studied DES plays a highly important
role in environmental assessment, complementing the information

Table 3
Literature collection of ECs, values estimated following 30 min (unless noted
otherwise) of exposure of A. fischeri to different traditional organic solvents.

Organic solvent ECso (mgL™ 1) References

Dimethyl sulfoxide 99,000 (Suter II and Lewis, 1989)
Ethanol 45,000 (Suter II and Lewis, 1989)
Isopropanol 42,000 (after 5min) (Branson and Dickson, 1991)
Acetone 22,000 (Suter II and Lewis, 1989)
Dimethylformamide 18,700 (Suter II and Lewis, 1989)
Ethyl acetate 5822 (Palabrica and Kaiser, 1991)
Dichlorometane 2532 (Palabrica and Kaiser, 1991)
Chloroform 1199 (Palabrica and Kaiser, 1991)
Benzene 108 (Palabrica and Kaiser, 1991)
Phenol 33 (Suter II and Lewis, 1989)
Toluene 23.54 (Grigson et al., 2006)
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about their ecotoxicological impact and constituting an also very re-
levant variable defining the green character of newly developed de-
signer chemicals. Recently, Radosévik et al. (2015) and Wen et al.
(2015), studying [Chol]Cl-based DES, also showed that they could be
considered as “readily biodegradable”, being the high levels of biode-
gradability of the tested DES attributed to the starting materials. In fact,
[Chol]Cl is known as readily biodegradable (OECD 301D, 1992), which
further supports our expectations that the DES studied in the present
study are also biodegradable. Still, this is an important avenue which is
worth exploring in the future for a full characterization of the en-
vironmental friendliness of [Chol]Cl-based DES.

4. Conclusions

This study contributes with important information about the still
poorly defined DES ecotoxicity profile by testing [Chol]Cl-based DES
with different HBD against the bacteria A. fischeri. The dataset allowed
the calculation of ECsq values and such traditional, straightforward
analysis suggested no specific rules for DES toxicity. However, it be-
came clear that DES toxicity analysis should not be conducted solely on
the basis of mass-per-volume ecotoxicity benchmarks. As the mixtures
toxicity theory was used to interpret the results, consistent trends could
be depicted. A clear antagonist effect was found between the HBD and
the HBA within all tested DES regardless molar ratios involved, except
for propionic acid:[Chol]Cl, where a synergic interaction between HBD
and HBA was noticed depending on the molar ratio involved. The
toxicity of the DES understood as a mixture was dependent on its
composition, namely on the HBD joined to [Chol]Cl, as well as on the
molar proportions of the starting materials. The documented antag-
onism essentially means that DES can be less toxic, thus likely eco-
friendlier than either of their starting materials dosed separately (please
note that [Chol]Cl is a solvent as well). However, their use as alter-
natives to traditional organic solvents is still not as advantageous as it
could be expected from an environmental precautionary point of view,
since some DES were found to be comparatively more toxic to the
bacteria. Future research avenues should consider organisms re-
presenting different functional levels, so that comprehensive knowledge
can be collected on how these eutectic mixtures may affect the aquatic
ecosystem, this being essential for the setting-up of protective reg-
ulatory benchmarks. Also, gathering data on bioaccumulation and
biodegradability is an essential step to acquire a better, more accurate
view on the environmental sustainability, thus on the benign character
of these novel solvent solutions.
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