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Abstract: The growing environmental impact of non-renewable solvents has generated 16 

an increasing interest in the development of more sustainable alternatives. Among these 17 

options, Deep Eutectic Solvents (DES) are attracting great interest. The favourable 18 

physicochemical properties of these solvents make them a potential green alternative for 19 

several applications. However, its toxicological impact has not been studied enough to 20 

assume the absence of environmental risk. With the main purpose of establishing an initial 21 

overview of the aquatic toxicity, an acute ecotoxicity test of different eutectic solvents, 22 

composed of glycerol or glycerol-derived ethers and choline chloride (ChCl) or N,N,N-23 

triethyl-N-(2,3-dihydroxypropyl)ammonium chloride (N00Cl), has been carried out in 24 

two aquatic biomodels: Aliivibrio fischeri (bacteria) and  Raphidocelis subcapitata 25 

(algae). Furthermore, the content of chlorophyll was measured to observe the disruption 26 

of the photosynthetic process by the tested compounds. A dose-effect correlation has been 27 

observed, although very high concentrations of the solvents were necessary for the onset 28 

of the toxic effect. The toxicity of the DES, within the ChCl case, turned out to be greatly 29 

related to the polarizability and hydrophobicity of the solvents. Whereas N00Cl-based 30 

DES have shown an even-odd trend, compounds with even carbon numbers in the ether 31 

radical show lower toxicity than odd ones. These preliminary results point out a 32 

favourable eco-toxicological behaviour of glycerol derived DES, although studies in 33 

other bioindicators, as well as in cells and biodegradability tests are recommended in 34 

order to have a complete overview of the toxicological profiles of these promising 35 

solvents.  36 
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Abbreviations: 41 

DES: Deep Eutectic solvents 42 

ChCl: Choline Chloride 43 

Chl: Chlorophyll 44 

N00Cl: N,N,N-triethyl-N-(2,3-dihydroxypropyl)ammonium chloride 45 

A.fischeri: Aliivibrio fischeri 46 

R. subcapitata: Raphidocelis subcapitata 47 

HBD/HBA: Hydrogen bond donor/ Hydrogen bond acceptor 48 

49 
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INTRODUCTION 50 

The environmental problem caused by the use of traditional solvents is one of the 51 

main concerns of the scientific community1. During the last decades, growing 52 

environmental preoccupations have led to new regulations in order to mitigate the impact 53 

of solvents on the environment 2. The increase in consumption, close to 20 million metric 54 

tons per year 3, and the non-renewable origin of these solvents (most from fossil sources), 55 

have forced industries to reduce, eliminate or replace the organic solvents used during the 56 

manufacturing processes 4.   57 

In recent years, many alternatives to traditional solvents have been proposed. 58 

These so-called neoteric solvents are increasingly being used in industrial processes as 59 

e.g. in the pharmaceutical industry 5. Some of these new solvents are biomass derivatives6, 60 

supercritical fluids7, ionic liquids (ILs)8 and Deep Eutectic Solvents (DES)9. According 61 

to the principles of Green Chemistry10, solvents should present low vapour pressures and 62 

high boiling points, good recyclability, high solvating power, be environmentally and 63 

humanly safe and have renewable origin1. 64 

Among the different renewable solvents, deep eutectic solvents are attracting 65 

increasing interest. In general, DES are mixtures formed by a hydrogen bond donor 66 

(HBD) and a hydrogen bond acceptor (HBA) that present lower melting points than their 67 

components individually. This phenomenon is due to the charge delocalization between 68 

the salt anion and the HBD component through hydrogen bonding11. DES are currently 69 

considered a good green alternative to ionic liquids due to their easy preparation, 70 

favourable cost of their starting materials, lower energy consumption, lower waste 71 

generation, higher biodegradability, low vapour pressure, non-flammability and lower 72 

toxicity profile, in addition to interesting catalytic and solvating properties12–14. These 73 

properties have prompted their use in catalysis15, biocatalysis16, organic synthesis17 and 74 

extraction processes18. In addition, eutectic solvents have shown interesting advantages 75 

reducing carbon dioxide emissions19, improving the efficiency of biomass and drug 76 

dissolution20–22, as well as in their use for clinical therapy23. All of this makes DES 77 

promising green solvents for industrial use. 78 

Among the multiple applications of DES (Figure 1), their solubilising power and 79 

catalytic properties stand out.  80 
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 81 

Figure 1. Industrial Application of DES 82 

 83 

As DES arise as a more sustainable alternative to ionic liquids, their toxicity is 84 

being widely studied 24–27. Ecotoxicity tests inform about the effect of a substance in the 85 

environment, determining whether a compound is in enough concentration to be or not 86 

harmful. Acute toxicity studies can be designed for a quick, easy and reproducible 87 

evaluation of the toxicological effect. To understand the toxic behaviour of a substance 88 

in a specific environment, studies in representative organisms along the trophic chain 89 

(bacteria, algae, crustaceans or fishes) are recommended 28,29. This information allows to 90 

evaluate the bioaccumulation between species and aids to determine the aquatic impact 91 

of the studied substance.  92 

Recently, the preparation and physicochemical properties of new glycerol-derived 93 

DES have been described30. These bio-based DES have shown interesting solvent 94 

properties for nanoparticle synthesis and catalysis12,31 and are showing very promising 95 

solubilizing properties of hydroxycinnamic acids (unpublished results). In order to 96 

complete the study of these promising solvents, the ecotoxicity of 12 bio-based glycerol-97 

derived DES (Figure 2) has been evaluated against the aquatic biomodel Aliivibrio 98 

fischeri (A. fischeri) a marine bacterium whose metabolism causes the emission of 99 

luminescence 32 and against Raphidocelis subcapitata (R.subcapitata), an algae specie 100 

present in the aquatic environment. Additionally, the structure-toxicity relationship has 101 
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also been established, as well as a discussion in terms of the structure of the DES 102 

components. 103 

 104 

EXPERIMENTAL 105 

Chemicals and synthesis of DES 106 

The chemical structures and main physicochemical properties of the studied DES 107 

are respectively shown in Table 1 and Figure 2. 108 

 109 

Table 1. Some physicochemical properties of the studied DES 110 

DES code Tc (°C) Density 

(g/mL) a 

Viscosity 

(cP) a 

Polarizability 

(Å3) b 

HBD LogP c 

ChCl-Glycerol  <0 1.191 368 10.50 –1.4080 

ChCl-100 33 1.122 132 11.57 –0.9996 

ChCl-200 52 1.085 148 12.84 –0.6508 

ChCl-3F00 20 1.285 159 12.89 0.0078 

ChCl-300 67 1.065 150 14.15 –0.1271 

ChCl-3i00 60 1.060 162 13.86 –0.2733 

ChCl-400 74 1.045 152 15.46 0.3290 

N00Cl-Glycerol  <0 1.183 2693 12.89 –1.4080 

N00Cl-100 <0 1.125 453 14.08 –0.9996 

N00Cl-200 <0 1.095 450 15.32 –0.6508 

N00Cl-3F00 <0 1.263 553 15.44 0.0078 

N00Cl-300 30 1.072 447 16.56 –0.1271 

N00Cl-3i00 40 1.069 552 16.54 –0.2733 

N00Cl-400 40 1.054 443 17.77 0.3290 

a Determined at 25 ºC. b Calculated according to Marcus 65. c Calculated using the T.E.S.T. EPA 

version 4.2.1 software. 

 111 

For DES preparation, the HBA (ChCl or N00Cl) and the HBD (100, 200, 3F00, 112 

300, 3i00 and 400 glycerol ethers) have been mixed in a 1:2 molar ratio and stirred in a 113 

closed glass vial at 70 ºC. As a transparent liquid has been formed, the eutectic mixture 114 

has been cooled down to room temperature and kept under argon. 115 

All the glycerol derivatives, including the glycerol monoethers and the N00Cl salt, 116 

have been synthesized according to our previously described methodologies 30,66. All the 117 

chemicals have been dried under vacuum for 24 h prior to use. 118 
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 119 

Figure 2. Chemical structure of HBA and HBD components of the studied solvents. 120 

 121 

Luminescence inhibition assay on A. fischeri bioindicator 122 

The employed biomodel A.fischeri is a Gram-negative, flagellated bacteria, 123 

present in the marine environment and widely used in ecotoxicological essays due to his 124 

easy reproducibility and high sensitivity to toxic compounds. The measurable endpoint 125 

in the biomodel A. fischeri is the bioluminescence emission caused by the enzymatic 126 

mechanism of luciferase. The two substrates involved in the reaction are flavin 127 

mononucleotides in their reduced form (FMNH2), called luciferin and long-chain 128 

aldehydes. Through the enzymatic action of luciferase and the presence of oxygen, the 129 

reduced form of the flavin mononucleotide is converted to its oxidized form (FMN) and 130 

the aldehyde turns into a long-chain acid. The oxidation reaction produced by this enzyme 131 

releases light at a wavelength of 490 nm33.  This process is related to electron transport 132 

chain and therefore to respiration and gives an idea about the metabolic status as a 133 

chemical toxicity. The toxic compounds inhibit the bacterial metabolism, this is reflected 134 

in a decrease of light emission32–34.   135 

The employed methodology follows all the conditions and protocols established 136 

on the standardized tests for the determination of ecotoxicity in A. fischeri (UNE-EN ISO 137 

2009) 67. The experiments have been carried out in triplicate for each tested solvent to 138 

ensure the reproducibility of the test.  139 

To establish the toxicity range of concentration for tested substances, a pre-essay 140 

was carried out. In the case of ChCl mixtures: [300000-1000 mg/L] for ChCl-000, 141 

[300000-500 mg/L] for ChCl-100, [150000-3500 mg/L] for ChCl-200, [40000-5 mg/L] 142 

for ChCl-300, [90000-500 mg/L] for ChCl-3F00, [50000-500 mg/L] ChCl-3i00 and 143 

[2500-10 mg/L] for ChCl-400. In the case of N00Cl DES series the range of 144 

concentrations of each mixture were: [400000-5000 mg/L] for N00Cl-000, [400000-500 145 
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mg/L] for N00Cl-100, [300000-1000 mg/L] for N00Cl-200, [90000-500 mg/L] for 146 

N00Cl-300, [100000-5000 mg/L] for N00Cl-3F00, [80000-5000 mg/L] for N00Cl-3i00 147 

and [20000-500 mg/L] for N00Cl-400.  148 

Lyophilized vials of A. fischeri used in this test have been purchased from the 149 

supplier Macherey-Nagel (ref. 945 006). First, bacteria have been rehydrated and stored 150 

in the refrigerator at 2-8 °C for 5 min using the reactivation solution provided by the 151 

manufacturer.  152 

Serial dilutions of each tested solvent have been prepared using a 2% NaCl 153 

solution as culture medium. Solution pH has been adjusted to 7-7.5 using 0.1 M HCl and 154 

0.1 M NaOH solutions. For the correct development of the essay, a negative (culture 155 

medium) and positive (phenol 42.5 mg/L) control have been used68. Aliquots of 500 µL 156 

of reactivated bacterial suspension have been transferred to cuvettes and cooled in a bath 157 

at 15 ºC for 10 min. Then, an initial luminescence measurement has been carried out using 158 

a BioFix® Lumi-10 luminometer (Macherey-Nagel) equipped with an ultrafast photonic 159 

detector covering a wavelength range of 380-630 nm. After the first measurements, 500 160 

µL of the solution to be tested have been added. Throughout the essay, the bacteria have 161 

been exposed to different solvent concentrations for 30 min at 15°C. Then, the second 162 

luminescence measurement has been performed. Obtained values reflect the difference 163 

between emitted luminescence without exposure to DES after 30 minutes of exposure. 164 

The toxic effect is detected due to a decrease in bacterial light production.  165 

 166 

Algal culture 167 

R. subcapitata is a freshwater alga with, usually, a 15-50 m2 of surface area. 168 

When they are healthy, they present a sickle shape that they usually can change when 169 

they suffer damage or physiological changes 69,70.  170 

Algae were provided by ECOTEST, Valencia, (SC2B1214). The culture medium 171 

pH was adjusted at 8.1 ± 0.2 and prepared according to supplier specifications. The algae 172 

cells were stored at 23 °C in a 100 mL beaker in the incubator with an illumination of 173 

10000 lux. The starting algal concentration for each of the tested solutions was 3·105 174 

cells/mL. 175 

 176 

 177 

 178 

 179 
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Algal growth inhibition test 180 

The employed methodology for the algal growth inhibition test was carried out 181 

according to the OECD 201 test condition and following the standardised methodology 182 

and protocol 71. To ensure the repeatability, the test was conducted in triplicate. 183 

Before starting the test, it was necessary to carry out a pre-essay in order to 184 

determine the concentration range for each of the tested DES.   In the case of the ChCl 185 

mixtures the range-concentrations were: [200000-100 mg/L] for ChCl-000, [100000-186 

3125 mg/L] for ChCl-100, [80000-500 mg/L] for ChCl-200, [50000-1000 mg/L] for 187 

ChCl-300, [100000-1000 mg/L] for ChCl-3F00, [50000-500 mg/L] ChCl-3i00 and 188 

[30000-500 mg/L] for ChCl-400. In the case of N00Cl DES series the range of 189 

concentrations for each mixture were: [200000-10 mg/L] for N00Cl-000, [100000-500 190 

mg/L] for N00Cl-100 as well as for N00Cl-200, [90000-500 mg/L] for N00Cl-300, 191 

[100000-500 mg/L] for N00Cl-3F00 and [50000-500 mg/L] for N00Cl-3i00 as well as 192 

for N00Cl-400.  193 

Dilutions of the tested mixtures were prepared in a culture medium with an 194 

adjusted pH range between 7.9 and 8.3 using a 0.1M NaOH or 0.1M HCl solutions, and 195 

a 0 mg/L solution was used as a negative control. The initial OD was measured at 670 nm 196 

with a BioTek (Synergy H1) absorbance-luminescence-fluorescence microplate reader. 197 

Then, the well plate was incubated in a CIR-DBO/180 incubator at 23 °C for 72 h. Before 198 

the final measurement of the OD, all plates were resuspended to ensure the homogeneity 199 

of the optical density measurement and to prevent the algae from settling. Obtained values 200 

show the inhibition of the algal growth after 72 h of DES exposure.  201 

 202 

Determination of the chlorophyll a, chlorophyll b and total chlorophyll  203 

This experiment was carried out according to the Lichtenthaler protocol71. After 204 

72 h of the algae’s exposition to NADES, 5 mL of each algal dilution were centrifuged at 205 

1000 g for 15 min. The obtained pellet was dissolved in 5 mL of methanol and vigorously 206 

vortexed. The samples were refrigerated at 4°C in the dark and then centrifuged for 5 min 207 

at 10.000 g. After 24h the supernatant was analysed spectrophotometrically at 750, 665.2 208 

and 652 nm using methanol as a blank. Then, the following equations were used to 209 

calculate the concentration (mg/L) of chlorophyll a (Chl a), chlorophyll b (Chl b) and 210 

total chlorophyll (total Chl):  211 

𝐶ℎ𝑙𝑎 = 16.72 (𝐴665,2 − 𝐴750) − 9.16 (𝐴652,4 − 𝐴750)     (eq. 1) 212 

𝐶ℎ𝑙𝑏 = 34.09 (𝐴652,4 − 𝐴750) − 15.78(𝐴665,2 − 𝐴750)     (eq. 2) 213 
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𝐶ℎ𝑙𝑡𝑜𝑡𝑎𝑙 = 1.44 (𝐴665,2 − 𝐴750) + 24.93 (𝐴652,4 − 𝐴750)     (eq. 3) 214 

 215 

Ecotoxicity mathematical treatment and statistics  216 

For the statistical analysis, data from the logarithm of concentration against the 217 

percentage of luminescence for A.fischeri and the  growth inhibition for R.subcapitata 218 

have been represented by means of a non-linear regression using GraphPad Prism version 219 

9.0 program. Results have been adjusted by applying the least squares method to the 220 

following formula: 221 

%𝐼 = 100/ (1 + 10(log 𝐸𝐶50−log 𝐶)𝑎)         (eq. 4.) 222 

where %I is the inhibition percentage of luminescence in A. fischeri biomodel and 223 

the percentage of growth inhibition in R. subcapitata biomodel, C is the concentration 224 

expressed in mg/L, while log EC50 and a are adjustable parameters obtained after the 225 

correlation of experimental values. 226 

A comparison between each one of the solvents was performed using the statistical 227 

ANOVA test with a single pooled variance. The null hypothesis was that the ratio 228 

obtained by dividing the EC50 values was 1; if it significantly differed (p < 0.05) from 1, 229 

the null hypothesis was rejected. 230 

 231 

RESULTS AND DISCUSSION 232 

 The use of glycerol and its derivatives for DES preparation guarantees the 233 

renewable origin of the solvents. The fine tuning of the physical-chemical properties of 234 

these DES can be achieved by varying the nature of glycerol ethers substituents or the 235 

ammonium salt 30. The variation in the structure of the DES components can also provide 236 

different ecotoxicity profiles, this fact motivating the present study. Two groups of bio-237 

based DES were prepared using two different HBAs, choline chloride (ChCl) and N,N,N-238 

triethyl-N-(2,3-dihydroxypropyl)ammonium chloride (N00Cl), in combination with 239 

glycerol (000) and glycerol-derived monoethers (R00) with R = methyl (100), ethyl (200), 240 

2,2,2-trifluoroethyl (3F00), propyl (300), isopropyl (3i00), and butyl (400). 241 

 242 

A.fischeri ecotoxicity test 243 

The EC50 and standard deviation values obtained from Eq.4 for the studied 244 

substances in the bacteria and the toxicity of pure glycerol monoethers35 are shown in 245 
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Table 2. Additionally, the results obtained in the statistical study previously described are 246 

gathered in Table S1 in the supplementary information.  247 

 248 

Table 2. EC50 and standard deviation for studied DES and their HBD precursors in A. 249 

fischeri. 250 

ChCl-DES EC50 (mg/L) N00Cl-DES EC50 (mg/L) HBD EC50 (mg/L) 

ChCl-000  141380 ± 6430 N00Cl-000  83277 ± 4282 Glycerol 108421 35 

ChCl-100 81817 ± 15458 N00Cl-100 93192 ± 4487 100 21052 35 

ChCl-200 30292 ± 825 N00Cl-200 8089 ± 128 200 4240 35 

ChCl-3F00 19181 ± 654 N00Cl-3F00 34957 ± 4525 3F00 16669 

ChCl-300 6249 ± 317 N00Cl-300 16976 ± 2766 300 11939 

ChCl-3i00 8648 ± 416 N00Cl-3i00 24754 ± 1205 3i00 11614 

ChCl-400 550 ± 9 N00Cl-400 3446 ± 1132 400 941 35 

 251 

For both groups of mixtures, the increase in the concentration causes a greater 252 

toxic effect (Figure 3). First, in the case of ChCl mixtures, the following increasing 253 

toxicity trend was observed: ChCl-000 < ChCl-100 < ChCl-200 < ChCl-3F00 < ChCl-254 

3i00 < ChCl-300 < ChCl-400. These results show an increase in DES toxicity by 255 

lengthening the alkyl chain of the HBD in ChCl-100, ChCl-200, ChCl-300 and ChCl-256 

400 (Figure 3). It has been reported that ionic liquids with a longer alkyl chain are able to 257 

cross the cell membrane more easily, presenting greater toxicity36,37. The same trend has 258 

been observed in previous works for quaternary ammonium-based DES, as the DES 259 

toxicity increased with the length of the alkyl chains 26. In addition, other ecotoxicity tests 260 

carried out on the same biomodel but with glycerol derivatives35 and levulinate 261 

derivatives 38 also showed the same trend.   262 
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263 

 264 

Figure 3. Dose–response curves for ChCl (ChCl-000, ChCl-100, ChCl-200, ChCl-300 and 265 

ChCl-400) and N00Cl (N00Cl-000, N00Cl-100, N00Cl-200, N00Cl-300 and N00Cl-400) 266 

solvents in A. fischeri. 267 

 268 

    269 

Figure 4. Dose–response curves for the DES composed of 3i00 and 300 glycerol ethers in A. 270 

fischeri. 271 

 272 

Moreover, a very high correlation between LogP (hydrophobicity) values of R00 273 

(HBD) component of the studied ChCl-DES and the DES logEC50 values was observed 274 

(Figure 5), thus demonstrating the great influence of the nature of the HBD component 275 

in the ecotoxicity of these mixtures in this case.  276 

 277 
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 278 

Figure 5. Plot of the ecotoxicity in A. fischeri of the studied ChCl-based DES vs. LogP of the 279 

HBD component.  280 

The comparison between the toxicity of pure glycerol monoethers and their 281 

derived DES both with ChCl and N00Cl in the A. fischeri biomodel showed that, in 282 

general, the studied DES present higher EC50 values than their corresponding glycerol 283 

monoethers35. This is a consequence of the hydrogen bonding interactions between 284 

glycerol ether with the ammonium salt upon DES formation, which strongly seems to 285 

contribute to the toxicity reduction of DES with regard to the pure HBD components. 286 

In addition, in less stable ChCl-DES, that is ChCl-300, ChCl-3i00 and ChCl-400, 287 

30 a synergetic effect is observed when evaluating EC50 values. In these cases, the 288 

ecotoxicity of the mixtures increased compared to the pure components values(Table 2), 289 

thus suggesting that the stability of the DES influences ecotoxicity and proving that more 290 

stable DES are less ecotoxic. 291 

This conclusion is reinforced by the fact that EC50 values of N00Cl-DES are 292 

higher than their ChCl counterparts. Although ChCl (EC50: 202897  12519 mg/L) has a 293 

slightly better ecotoxicological profile than N00Cl (EC50: 183691  23281 mg/L), the  294 

N00Cl-R00 mixtures presented higher EC50 values (Figure 3), in agreement to the higher 295 

stability and hydrogen-bond capacity of N00Cl-derived DES30. 296 

 However, for N00Cl-composed solvents, no correlation of EC50 values neither 297 

with the LogP nor with the polarizability or hydrogen bond formation ability ( 298 

parameter) (see table xx and figures SX and SXX) of the DES is observed. Although the 299 

general trend of the increase of eco-toxicity with the increase of the alkyl chain of HBD 300 

component is observed, in this case, an even-odd effect on toxicity appears (Figures 3-4). 301 

Thus, in mixtures of HBD component with an even carbon number in the substituent, a 302 

lower EC50 is observed than in the odd ones, and therefore a higher toxicity (Table 2). As 303 



 13 

this kind of solvents has not been studied before, there are no trials to support this 304 

structure-relationship or to explain the mechanism of toxicity affecting the bacteria. 305 

 In both groups of DES, regardless HBA (N00Cl or ChCl), mixtures containing 306 

3i00 glycerol ether seem to be less toxic than in the ones containing 300 ether (Table 2 307 

and Figure 4). Thus, the presence of ramifications in the HBD alkyl chain seems to 308 

produce an increase in the EC50 value and therefore a decrease in DES toxicity. This 309 

phenomenon seems to be related to the difficulty of the substance to cross the cellular 310 

barrier, as the molecular size of the radicals increases35. 311 

 312 

  313 

Figure 6. Dose–response curves for the DES composed of 200 and 3F00 glycerol ethers for A. 314 

fischeri. 315 

 316 

The effect of the presence of fluorine atoms on HBD component of DES on EC50 317 

values  has also been evaluated and an opposite trend is observed with both HBA. Thus, 318 

comparing ChCl-200 and ChCl-3F00 solvents (Figure 6), the presence of fluorine atoms 319 

in the HBD component seems to increase toxicity. However, the opposite trend is 320 

observed both in the N00Cl-derived DES (Figure 6) and in pure glycerol ethers. In these 321 

cases, 3F00  and N00Cl-3F00 show a lower eco-toxicity than 200 and N00Cl-200, 322 

respectively (Figure 6, Table 2).  323 

 The vibrio cell wall is composed of peptidoglycan molecules, responsible for the 324 

rigidity of the structure. In addition, some studies support that ChCl interacts with these 325 

polysaccharides through hydrogen bonds, causing cell disruption39. The full mechanism 326 

of action is still unknown. It  is also known that compounds that exhibit charge 327 

delocalisation are more toxic39. Thus, it is suspected that eutectic mixtures presenting 328 

more charge delocalization in their structure will interact more with the membrane, 329 

causing its disruption. In the case of the ChCl mixtures studied, this behavior is directly 330 
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related to the high correlation found between electronic polarizability and EC50 values 331 

(Figure 7). 332 

 333 

Figure 7. Plot of the ecotoxicity of the ChCl-DES vs. their electronic polarizabilities (in 334 

Å3). 335 

 On the other hand, more stable DES formed with N00Cl show lower toxicity. The 336 

higher stability of N00Cl versus ChCl derived DES has been previously described 337 

(referencia 30) and it is closely related to the formation of hydrogen bonds between the 338 

components of the eutectic mixtures. This fact seems to prevent the formation of these 339 

bonds with elements of the plasma membrane 26. This seems also to be the reason why 340 

N00Cl-R00 show a different trend in toxicity. Thus, in the case of N00Cl-DES and 341 

glycerol derived ethers the even-odd tendency seems to be the driving force and no 342 

correlation of EC50 neither with polarity nor with polarizability or the hydrogen bond 343 

formation ability ( parameter) is observed as above mentioned. (see figures Sxx and 344 

SXXX) 345 

As it has been described above, when comparing the DES formed with the same 346 

hydrogen bond donor and different ammonium salt (ChCl vs N00Cl), the toxicity of the 347 

mixtures changes with the variation of the hydrogen bond acceptor. Thus, both the 348 

modification of the HBA and the HBD directly affects the ecotoxicity of resulting DES. 349 

This variation in the toxicity of DES after the change in the HBD has been previously 350 

reported in other ecotoxicological studies39–42.  351 

It is also interesting to analyse the ecotoxicity of the studied DES by comparing 352 

with their components separately, and specially to the corresponding glycerol-derived 353 

ethers, also used as green solvents 43. It has been described that the toxicity of the starting 354 

materials of DES varies comparing with their derived eutectic mixture. Mácario et al. 355 
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carried out a predictive test for ChCl mixtures in which DES showed less toxicity than 356 

their starting materials individually 44. This supports the results obtained with the studied 357 

glycerol-derived DES in this work, which in general are less toxic than their components 358 

individually, except in some cases in which a synergic effect is observed (ChCl-300, 359 

ChCl-3i00 and ChCl-400). Nevertheless, the study of the synergic and antagonistic effect 360 

of DES has been performed coming to the conclusion that predictive models cannot be 361 

used to determine the behaviour of DES toxicity44.  362 

 363 

R. subcapitata ecotoxicity test and chlorophyll concentration measurements 364 

R. subcapitata is a very common specie employed for the evaluation of the aquatic 365 

toxicity. This alga, as a primary producer, helps the maintenance of the structure of 366 

aquatic ecosystems, taking part in the trophic chain. The Organization for Economic 367 

Cooperation and Development (OECD) recommends the use of this alga as a biomodel 368 

because of its wide distribution, fast growth, and great sensitivity45. 369 

The EC50 and standard deviation values obtained from Eq.4 for the studied 370 

mixtures in the algal biomodel are shown in Table 4. In addition, the results obtained in 371 

the statistical study previously described are gathered in Table S2 in the supplementary 372 

information. 373 

 374 

Table 4. EC50 and standard deviation values for ChCl and N00Cl DES in R. subcapitata.  375 

ChCl-DES EC50 (mg/L) N00Cl-DES EC50 (mg/L) 

ChCl-000  20854 ± 558 N00Cl-000  7015 ± 170 

ChCl-100 15516 ± 362 N00Cl-100 11423 ± 924 

ChCl-200 12331 ± 155 N00Cl-200 7343 ± 567 

ChCl-3F00 13289 ± 942 N00Cl-3F00 12560 ± 196 

ChCl-300 10521 ± 634 N00Cl-300 8087 ± 523  

ChCl-3i00 14039 ± 161 N00Cl-3i00 9597 ± 1205 

ChCl-400 4758 ± 141 N00Cl-400 5828 ± 666 

 376 

 377 

 378 

 379 

 380 
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 381 

 382 

Figure 8. Dose–response curves for ChCl (ChCl-000, ChCl-100, ChCl-200, ChCl-300 and 383 

ChCl-400) and N00Cl derivatives (N00Cl-000, N00Cl-100, N00Cl-200, N00Cl-300 and 384 

N00Cl-400) solvents in R. subcapitata. 385 

 386 

In R. subcapitata, an increase in toxicity was observed related to the increase in 387 

concentration, so a correlation between DES concentration and the toxic effect could be 388 

established. As mentioned above, the structure-toxicity pattern of the compounds is very 389 

similar for both biomodels. In this case, we observed the same trends as for A. fisheri. For 390 

ChCl (mixtures with 000 to 400) we observed an increase in toxicity related to the 391 

increase of the alkyl chain length. Previous studies have already revealed the correlation 392 

between aquatic toxicity and the molecular structure of the compounds46. Thus, it was 393 

shown that the increase in the alkyl chain in hydroxyl radicals decreased the length of the 394 

C–H bonds, thus modifying physicochemical properties such as lipophilicity and toxicity, 395 

which increased in these cases.  396 

Perales et al.47 established the same hypothesis in their toxicological study of 397 

glycerol derivatives. Although their results were performed on Chlamydomonas 398 

reinhardtii instead of R.subcapitata, the trend was the same: lipophilicity related to the 399 

number of carbons on the ether substituent favoured toxicity in algal biomodel. 400 

Furthermore, the correlation alkyl chain length-toxicity has been already established for 401 

ammonium and phosphonium ionic liquids48. 402 
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Again, as in the study with A. fischeri biomodel a good correlation between EC50 403 

and LogP of the HBD component is observed (figure 9).  404 

 405 

 406 

Figure 9. Plot of the ecotoxicity in R.subcapitata biomodel for the studied ChCl- DES vs LogP 407 

of the HBD component. 408 

 409 

On the other hand, the EC50 results for N00Cl mixtures are lower when the number 410 

of carbons in the HBD radical is even, these compounds are more toxic in R.subcapitata. 411 

As in the A.fischeri case, as N00Cl mixtures have not been studied before, it is not 412 

possible to establish a cause for the structural toxicity mechanism. However, comparing 413 

both groups it is observed that changes in the HBA not only modify the EC50 values but 414 

also influences the structure-toxicity relationship. In this case, the toxic effect of the 415 

N00Cl mixtures seems not to be related to the lipophilicity of the HBD.  416 

 417 

 418 

Figure 10. Dose–response curves for the DES composed of 3i00 and 300 glycerol ethers in R. 419 

subcapitata. 420 
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 A difference in the toxicity in the algal biomodel is observed related to 3i00 and 422 

300 compounds (Figure 10). DES ChCl-300 (EC50: 10521 ± 634 mg/L) shows higher 423 

toxicity than ChCl-3i00 (EC50:14039 ± 161 mg/L). The same trend is observed for N00Cl 424 

mixtures, N00Cl-300 (EC50:8087 ± 523 mg/L) shows lower EC50 than N00Cl-3i00 (9597 425 

± 1205 mg/L). Therefore, in both cases, the presence of ramifications in the DES structure 426 

leads to a lower toxicity. 427 

  428 

Figure 11. Dose–response curves for the DES composed of 200 and 3F00 glycerol ethers for R. 429 

subcapitata. 430 

The influence of the presence of fluorine atoms can also be studied by comparing 431 

EC50 values for DES with 200 and 3F00 (Figure 10). In both cases, ChCl and N00Cl 432 

mixtures, the presence of fluorine atoms in the HBD structure leads to a decrease in 433 

toxicity. While in ChCl based DES there is very little difference between EC50 values 434 

(EC50 ChCl-200: 12331 ± 155 mg/L; EC50 ChCl-3F00: 13289 ± 942 mg/L), for DES containing 435 

N00Cl, the difference is more noticeable (EC50 N00Cl-200: 7343 ± 67mg/L; EC50 N00Cl-3F00: 436 

12560 ± 196 mg/L). It has been seen that the presence of fluorine in the aquatic 437 

environment can enhance or inhibit of the algae population49. In this case, the 438 

incorporation of fluorine atoms may avoid the penetration of the compounds in the algae 439 

structure.  440 

Chlorophyll is a pigment contained in higher plants and all other organisms 441 

capable of photosynthesis. It is closely involved in all stages of photosynthesis, including 442 

light harvesting, energy transfer, and light energy conversion. Therefore, changes in the 443 

growth of microalgae when exposed to toxic compounds are always related to chlorophyll 444 

biosynthesis50. The amount of chlorophyll serves as a protective mechanism to eliminate 445 

the accumulated ROS51,52. 446 

A reduction in photosynthetic pigments is also a common stress response in plants 447 

and microalgae that can be caused by the decreased biosynthesis and/or increased 448 

degradation of chlorophyll, both resulting in decreases in photosynthetic rates50,53. It is 449 
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widely accepted that chlorophyll degradation involves hydroxyl radicals produced by 450 

reactions between superoxide anion and H2O2
50. Photosynthesis provides enough energy 451 

for algae growth and cell division. Chlorophyll is extremely crucial for photosynthesis, 452 

as a decrease in the chlorophyll content can be problematic for the algae50. 453 

Chemicals could enter in the cellular structure or could react with some part of the 454 

plasmatic membrane generating an information pathway54. There are many hypotheses 455 

related to toxicity in the algae biomodel. Normally, compounds can affect the electron 456 

flow in photosynthesis by a decrease of the yields in Photosystem II, Y (II)55. Another 457 

explanation is the effect of lipophilicity, causing damage to membranes and increasing 458 

the toxicity in the biomodel.  An important endpoint on microalgae toxicity is related to 459 

alterations in the content of chlorophyll a. This main pigment provides information about 460 

photosynthesis efficiency. It plays an important role in ensuring photochemical reaction 461 

processes56. 462 

The amount of chlorophyll a (Chl a) and b (Chl b) was measured in the tested 463 

mixtures. In all cases, the concentration of Chl a was higher than the accessory pigment 464 

Chl b. Furthermore, all the tested DES show an increase in the amount of Chl a with the 465 

raise of the concentration. According to Lichtenhaler57 the normal ratio of Chla/Chlb is 466 

3/1. However environmental or growth conditions can affect this ratio. In Figures 12-14, 467 

the concentrations of Chl, Chlb and the total amount of Chl are represented in different 468 

concentrations.  469 

 470 

Figure 12. Concentration of chlorophyll a (grey bar), chlorophyll b (white bar) and total 471 

chlorophyll (black bar) versus the concentration of ChCl-000, ChCl-100, ChCl-200, ChCl-472 

300 and ChCl-400 in R. subcapitata. 473 
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 474 

Figure 13. Concentration of chlorophyll a (grey bar), chlorophyll b (white bar) and total 475 

chlorophyll (black bar) versus the concentration of N00Cl-000, N00Cl-100, N00Cl-200, 476 

N00Cl-300 and N00Cl-400 in R. subcapitata. 477 

 478 

 479 

Figure 14. Concentration of chlorophyll a (grey bar), chlorophyll b (white bar) and total 480 

chlorophyll (black bar) versus the concentration of 3i00 and 3F00 DES in R. subcapitata. 481 

 482 

 483 
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Results show a decrease in the total chlorophyll amount with the increase in DES 484 

concentration. So, a correlation concentration-toxic effect can also be established in the 485 

measurement of chlorophyll for all the mixtures. Furthermore, the amount of Chl a was 486 

higher than Chl b in both groups of tested DES. The tested mixtures show in most cases 487 

a range between 0-1 mg/L in total Chl. Previous studies demonstrate the effect of the 488 

hydrophobicity of compounds in the photosynthetic activity of algae. Cho et al. indicate 489 

that some of the traditional solvents tested in their essay showed lower photosynthetic 490 

activity as increasing the hydrophobicity of the solvent58. 491 

The highest Chl a/ Chl b ratio was approximately 10 for ChCl-400 and N00Cl-492 

400 mixtures. The highest content of chlorophyll has been found in the DES ChCl-000. 493 

However, there was no clear correlation between the DES toxicity found for algae and 494 

chlorophyll contents. This may be related to the different adaptative mechanism  that 495 

prevents chloroplast light-harvesting59. 496 

 497 

Comparative between both biomodels 498 

A comparison of the EC50 between algae and bacterial biomodels has been carried 499 

out. In both cases the same structure-toxicity trend is observed. However, for almost all 500 

the mixtures, the algae show higher sensitivity than the bacterial biomodel. Even so, none 501 

of the studied DES reaches the toxicity threshold in algae, showing in all cases EC50> 502 

1000 mg/L. Only one of the solvents present values of EC50< 1000 mg/L, ChCl-400 503 

(EC50= 550 ± 9 mg/L) is classified as practically nontoxic instead of relatively harmless 504 

in A. fischeri.  505 

In order to determine the environmental toxic potential of these solvents, the 506 

Passino and Smith classification (PSC) has been used (Figure 15)60. This method 507 

classifies substances according to their toxicological potential into very toxic compounds 508 

(EC50 < 10 mg/L), moderately toxic (EC50: 10–100 mg/L), slightly toxic (EC50: 100–1000 509 

mg/L) and not toxic at all (EC50 > 1000 mg/L). In all studied solvents, the concentration-510 

toxicity dependence is observed. In most the cases, the toxic effect is manifested at very 511 

high concentrations. 512 
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 513 

Figure 15. Classification of the studied DES using the Passino and Smith Classification 60. 514 

Black bars shows A.fischeri results and grey ones correspond with R. subcapitata EC50. The line 515 

shows the limit between slightly toxic and harmless substances. 516 

 517 

Finally, in sake of comparison, table 5 gathers the values of ecotoxicity of different 518 

groups of solvents (traditional organic solvents, ILs and DES). In general, the algae 519 

biomodel is more sensitive than the bacterial in all the cases (DES, Traditional organic 520 

solvents and ILs). As it can be seen, DES compiled in the table show much higher EC50 521 

values and therefore less toxicity than common organic solvents and ILs29,61. Comparing 522 

the ecotoxicity values of the DES studied in this work with the values compiled in table 523 

5, it can be observed that some of the glycerol ether derived DES present favourable eco-524 

toxicities in these two biomodels, comparable to traditional DES, but with the advantage 525 

of the tunability of physico-chemical and eco-toxicological properties by adjusting the 526 

nature of the HBD alkyl chain. 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 
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Table 5. EC50 (mg/L) values for different solvent groups in A. fischeri biomodel 536 

Solvent A. fischeri R. subcapitata 

 

 

 

Deep Eutectic Solvents 

1:2 ChCl:glycerol 86726 29 7080 29 

1:2 ChCl:urea 26346 29 8532 29 

1:2 ChCl:ethylene glycol 108526 29 9196 29 

1:2:1 ChCl:glycerol:water 143686 29 6617 29 

1:2:1 ChCl:urea:water 98409 29 2896 29 

1:2:1 ChCl:ethylene glycol:water 115450 29 3536 29 

 

 

 

Tradicional organic 

solvents 

Methanol 101068 62 - 

Acetone 19311 62 7270 63 

Benzene 108 62 26.3 63 

Phenol 30.8 62 61.41 64 

Toluene 31.7 62 28.7 63 

Chloroform 1199 62 - 

Dichloromethane 2532 62 - 

 

 

 

 

 

 

 

Ionic Liquids 

1-Decyl-3-methylimidazolium tetrafluoborate 0.204 61 - 

1-Nonyl-3-methylimidazolium tetrafluoborate 1.55 61 - 

1-Octyl-3-methylimidazolium tetrafluoborate 7.25 61 - 

1-Hexyl-3-ethylimidazolium tetrafluoborate 37.8 61 - 

1-Hexyl-3-methylimidazolium tetrafluoborate 385 61 - 

1-Heptyl-3-methylimidazolium tetrafluoborate 73.8 61 - 

1-Butyl-3-ethylimidazolium tetrafluoborate 151 61 - 

1-Butyl-3-methylimidazolium tetrafluoborate 284 61 - 

1-Pentyl-3-methylimidazolium tetrafluoborate 331 61 - 

1-Pentyl-3-ethylimidazolium tetrafluoborate 350 61 - 

1-Propyl-3-ethylimidazolium tetrafluoborate 1850 61 - 

1-Propyl-3-methylimidazolium bromide  399.7 63 

1-Butyl-3-methylpyridinium bromide  1200 63 

1-Butyl-1-methylpyrrolidinium bromide  2100 63 

1-Hexyl-3-methylimidazolium bromide  85.69 63 

1-Octyl-3-methylimidazolium bromide  13.17 63 

 537 

CONCLUSIONS 538 

This study provides, for the first time, information on the ecotoxicity of a series 539 

of bio-based solvents formed from the combination of ChCl or N00Cl ammonium salts 540 

as hydrogen bond acceptors (HBA) and glycerol-derived ethers and glycerol as hydrogen 541 

bond donors (HBD). The ecotoxicological study of DES has been performed in the 542 

aquatic bioindicators A.fischeri and R.subcapitata, in order to get an initial overview of 543 

the aquatic ecotoxicity. Among these mixtures, only ChCl-400 can be considered low 544 
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toxic (550 ± 9 mg/L) in the bacterial biomodel. The rest of the studied solvents show EC50 545 

values much higher than 1000 mg/L, thus being classified as non-toxic substances (PSC). 546 

R.subcapitata shows in most of the cases a higher sensitivity than A.fischeri. For 547 

A.fischeri, it appears that stability and hydrogen bond ability of DES greatly influences 548 

their ecotoxicity, thus most of the DES showed less toxicity than their components 549 

separately. Additionally, in ChCl mixtures, good correlations between the HBD LogP 550 

and the DES polarizability with EC50 values have been observed, indicating the great 551 

influence of the nature of the HBD component on DES toxicity. However, in N00Cl 552 

mixtures an odd-even effect of the number of carbons on ether substituent on EC50 values 553 

is observed: mixtures with even carbon numbers in the ether chain show lower EC50 554 

values. 555 

Mixtures containing 3i00 and 3F00 glycerol ethers do not show the same toxicity 556 

trend in both biomodels. In the case of the bacterial biomodel, mixtures containing 3F00 557 

and 3i00 are less toxic than the mixtures containing 300 derivatives but more toxic than 558 

200 mixtures. However, in algae, the presence of ramifications and fluorine atoms 559 

decreases the toxicity, thus 3F00 and 3i00 show a better ecotoxicological profile than 200 560 

and 300 compounds respectively.  561 

In general, very high concentrations of these solvents are needed for a 562 

manifestation of the toxic effect in both biomodels, as well as in the measurement of the 563 

chlorophyll content. A concentration-toxicity correlation is present throughout the entire 564 

trials, these two parameters being directly proportional. A comparison with other green 565 

solvents, such as ionic liquids and biomass derivatives, indicates that the studied solvents 566 

show good ecotoxicological profiles comparable to traditional DES such as reline or 567 

glycine but with the advantage of the tunability of physico-chemical and eco-568 

toxicological properties by adjusting the nature of the HBD alkyl chain. 569 

Although the results are promising, additional tests in other aquatic bioindicators 570 

would be necessary to represent different trophic levels and obtain a full understanding 571 

of the aquatic toxicity of these new green solvents.  572 

 573 

 574 

 575 

 576 

 577 

 578 
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Table S1. Ordinary one-way multiple comparisons ANOVA test with a single pooled variance for studied DES in A. fischeri.  

p values in A. fischeri 

  

ChCl-000 

 

ChCl- 

100 

 

ChCl- 

200 

 

ChCl- 

300 

 

ChCl- 

3F00 

 

ChCl- 

3i00 

 

ChCl- 

400 

 

N00Cl- 

000 

 

N00Cl- 

100 

 

N00Cl- 

200 

 

N00Cl- 

300 

 

N00Cl- 

3F00 

 

N00Cl- 

3i00 

 

N00Cl- 

400 

ChCl-000 - - - - - - - - - - - - - - 

ChCl-000 p< 0.0001 - - - - - - - - - - - - - 

ChCl-000 p< 0.0001 p< 0.0001 - - - - - - - - - - - - 

ChCl-200 p< 0.0001 p< 0.0001 p< 0.0001 - - - - - - - - - - - 

ChCl-300 p< 0.0001 p< 0.0001 p= 0.0915 p= 0.0672 - - - - - - - - - - 

ChCl-3F00 p< 0.0001 p< 0.0001 p< 0.0001 p> 0.9999 p= 0.1294 - - - - - - - - - 

ChCl-3i00 p< 0.0001 p< 0.0001 p< 0.0001 p= 0.9703 p= 0.0015 p= 0.6236 - - - - - - - - 

ChCl-400 p< 0.0001 p= 0.0215 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 - - - - - - - 

N00Cl-000 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p= 0.1960 - - - - - - 

N00Cl-100 p< 0.0001 p< 0.0001 p< 0.0001 p= 0.9999 p= 0.1735 p> 0.9999 p= 0.5368 p< 0.0001 p< 0.0001 - - - - - 

N00Cl-200 p< 0.0001 p< 0.0001 p= 0.0099 p= 0.1691 p> 0.9999 p= 0.3222 p= 0.0039 p< 0.0001 p< 0.0001 p= 0.4107 - - - - 

N00Cl-300 p< 0.0001 p< 0.0001 p= 0.9673 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p= 0.0002 - - - 

N00Cl-3F00 p< 0.0001 p< 0.0001 p= 0.9034 p= 0.0017 p= 0.8960 p= 0.0024 p< 0.0001 p< 0.0001 p< 0.0001 p= 0.0035 p= 0.4105 p= 0.1562 - - 

N00Cl-3i00 p< 0.0001 p< 0.0001 p< 0.0001 p> 0.9999 p= 0.0060 p= 0.9816 p= 0.9985 p< 0.0001 p< 0.0001 p= 0.9580 p= 0.0165 p< 0.0001 p< 0.0001 - 
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Table S2. Ordinary one-way multiple comparisons ANOVA test with a single pooled variance for studied DES in R. subcapitata 

p values in R.subcapitata 

  

ChCl-000 

 

ChCl- 

100 

 

ChCl- 

200 

 

ChCl- 

300 

 

ChCl- 

3F00 

 

ChCl- 

3i00 

 

ChCl- 

400 

 

N00Cl- 

000 

 

N00Cl- 

100 

 

N00Cl- 

200 

 

N00Cl- 

300 

 

N00Cl- 

3F00 

 

N00Cl- 

3i00 

 

N00Cl- 

400 

ChCl:000 - - - - - - - - - - - - - - 

ChCl:100 p< 0.0001 - - - - - - - - - - - - - 

ChCl:200 p< 0.0001 p< 0.0001 - - - - - - - - - - - - 

ChCl:300 p< 0.0001 p=0.3033 p< 0.0001 - - - - - - - - - - - 

ChCl:3F00 p< 0.0001 p< 0.0001 p>0.9999 p< 0.0001 - - - - - - - - - - 

ChCl:3i00 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 - - - - - - - - - 

ChCl:400 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 - - - - - - - - 

N00Cl:000 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p=0.0246 p< 0.0001 - - - - - - - 

N00Cl:100 p< 0.0001 p< 0.0001 p=0.5183 p< 0.0001 p=0.8214 p< 0.0001 p=0.5368 p< 0.0001 - - - - - - 

N00Cl:200 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p=0.0771 p=0.0039 p>0,9999 p< 0.0001 - - - - - 

N00Cl:300 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p=0.9526 p< 0.0001 p=0.4744 p< 0.0001 p=0.7852 - - - - 

N00Cl:3F00 p< 0.0001 p< 0.0001 p>0.9999 p< 0.0001 p=0.09968 p< 0.0001 p< 0.0001 p< 0.0001 p=0.2054 p< 0.0001 p< 0.0001 - - - 

N00Cl:3i00 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p=0.4798 p=0.9985 p< 0.0001 p=0.032 p=0.0002 p=0.025 p< 0.0001 - - 

N00Cl:400 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p< 0.0001 p=0.2789 p=0.0763 p< 0.0001 p=0.0244 p=0.0002 p< 0.0001 p< 0.0001 - 

 

 


