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This study aims to examine in detail for the first time the cytotoxic profile of twelve choline chloride-based
deep eutectic solvents (NADES) against HT-29, Caco-2, MCF-7, and MRC-5 cell lines. All NADES systems
were synthesized by microwave synthesis using choline chloride as a hydrogen bond acceptor (HBA) and
selected sugars, alcohols, organic acids, and urea as hydrogen bond donors (HBD) with the addition of
20% water (w/w) to all systems. It was observed that the cytotoxic effect predominantly depended on
the structure of HBD. Acidic systems, where HBDs were organic acids showed the highest cytotoxic

effects in all investigated cell lines. The cytotoxicity depended mostly on the concentration of the
Received 25th November 2022 NADES t in th i di i the chemical tituti f the i tigated t
Accepted 18th January 2023 system in the cell medium as well as on the chemical constitution of the investigated systems.

The highest cytotoxic effects showed acidic systems, especially to the HT-29 cell line. The ECsq value

DOI: 10.1035/d2ra07488e for the citric acid-based system was 3.91 mg mL~* for the HT-29 cell line which was the most vulnerable
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Introduction

In recent years, eco-friendly practices in applied chemistry and
technology have engaged the attention of the scientific
community. The growing global trend in modern research
toward decreasing the use of hazardous and toxic solvents and
processes is should lead to the design of an alternative that will
follow the principles of green chemistry. In the last couple of
decades, a generation of innovative, ecologically benign, recy-
clable, and economically viable liquids named natural deep
eutectic solvents (NADES) has been developed.*

Considering the physicochemical properties of NADES
(decreased melting point, low volatility, non-flammable nature,
adjustable viscosity), the origin of their constituents (they are
often a complex of two or more cellular metabolites), and their
versatile properties and application (a selective extraction
media for both polar and non-polar compounds, solubilizing
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agents, electrochemical reagents), these mixtures are regarded
as a greener strategy to avoid organic solvents that are tradi-
tionally applied for such purposes.”

NADES systems meet the major principles of green chemistry
including natural character and low toxicity of the ingredients,
and no waste is generated upon their production.’ In compar-
ison with other designer solvents such as ionic liquids, NADES
are much more cost-effective, since the raw materials have
a lower cost, and their synthesis is fast and simple without any
by-products obtained in the preparation.**

NADES exhibit a wide spectrum of bioactivities, including
antioxidant, anticancer, and antimicrobial activities.” They also
have been regarded as promising mixtures for pharmaceutical
industries, particularly because of their potential to enhance
the solubility, penetration as well as absorption of drugs even
better than water.® Moreover, the beneficial features of NADES
to act as a drug delivery vehicle have been introduced in a recent
study.” The improved dissolution and enhanced bioavailability
of poorly-soluble compounds nominate NADES as an advanta-
geous strategy to overcome the weakness of the current phar-
maceutical and food industries. An essential function of natural
DES as a liquid phase in biological systems has recently been
demonstrated, and it involves the solubilization of metabolites
and macromolecules that are poorly soluble in water.® Deep
eutectic solvents show specific interactions with biological
macromolecules mainly phospholipids, proteins, nucleic acids,
and polysaccharides. However, water must be added to eutectic
mixes with care, as it tends to disrupt the DES' network and
hence alter its characteristics.®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Even though NADES are composed of naturally occurring
substances, i.e. primary metabolites that are assumed to be
non-toxic, the safety of eutectic mixtures for the application in
the mentioned areas should not be taken a priori. To date,
scarce studies performed to exhibit the toxicological profile of
eutectics, so the majority of NADES systems are not sufficiently
explored.® Due to the unlimited molar combination of compo-
nents forming NADES" and the increased number of research
related to the application of NADES in drug formulation, the
evaluation of their toxicological nature is urgently needed.
There are just a few publications related to the cytotoxicity of
selected NADES systems against HT-29, MCF-7, HCT-16, HeLa,
and HaCaT cell lines.** Nevertheless, it was found that the
cytotoxicity of NADES was much higher than their
components.*®

This investigation aimed to explore the cytotoxic profile of
twelve choline chloride-based NADES systems with different
hydrogen bond donors including organic acids, sugars, alco-
hols, and urea to evaluate the effect of HBD structure on the
cytotoxic activity. In the investigation, three human cancer cell
lines HT-29, MCF-7, and Caco-2, and one normal MRC-5 were
used.

Experimental
Chemicals

The following materials were obtained from Alfa Aesar: choline
chloride (ChCl; >98% purity), t-malic acid (Mala; 99%), 1,2-
propanediol (1,2PD; >98%), 1,3-propanediol (1,3PD; 99%), 1,3-
butanediol (1,3BD; 99%), and 1,4-butanediol (1,4BD; 99%).
Centrohem supplied citric acid monohydrate (CitA; >99.5%).
(Stara Pazova, Serbia). p-Fructose (Fru; 99%) and t-(+)-lactic acid
(80% solution in water) were obtained from Lach-Ner (Ner-
atovice, Czech Republic). Merck provided urea (Ur; 99.5%) and
L-ascorbic acid (AscA; >99.5%) (Darmstadt, Germany). Sigma
Aldrich (St. Louis, MO, USA) provided sorbitol (Sor; 98%),
whereas Beta Hem provided glycerol (Gly; >99.5%) (Beograd,
Serbia).

Cell lines

The human tumor breast adenocarcinoma cells MCF-7 and
normal fibroblast cells, MRC-5 were maintained in the Roswell
Park Memorial Institute (RPMI) 1640 nutrient medium (Sigma
Chemicals Co., USA) supplemented with penicillin (100 IU
mL™"), streptomycin (200 pg mL™"), 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES) (25 mM), r-gluta-
mine (3 mM), and 10% of heat-inactivated fetal bovine serum
(FBS). The human colorectal adenocarcinoma cells HT-29
(ATCC, USA) and Caco-2 (DSMZ, Germany) were cultured,
respectively, in RPMI 1640 medium (Gibco, UK) supplemented
with 10% FBS (Biowest, USA) and Dulbecco's Modified Eagle
Medium (DMEM; Gibco, USA) supplemented with 1% non-
essential amino acids (NEAA; Biowest, USA), 10% FBS and 1%
(v/v) penicillin-streptomycin solution (Gibco, USA).
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The cells were routinely maintained as monolayers in 75 cm?*
culture flasks and incubated at 37 °C in a humidified atmo-
sphere containing 5% CO,.

Preparation of NADES

The microwave irradiation approach was used to produce twelve
eutectic systems.'®'” Except for ChCl: AscA, all NADES systems
were generated by combining ChCl in a 1:1 molar ratio with
various HBDs. The molar ratio of choline chloride to ascorbic
acid (ChCl: AscA) that produced a stable eutectic system that
was transparent at room temperature was 2 : 1. Each combina-
tion of HBA : HBD was diluted with 20% water (w/w), and the
glass bottles were put in a household microwave oven (Bosch,
model AM817ALS) at 180 W for 40 seconds, or until a clear and
transparent liquid was formed. To minimize overheating the
combination and probable NADES breakdown, a brief gap in
the irradiation process was inserted to cool the mixture. For
NADES preparation purified water by reverse osmosis system
(AquaSana, Novi Sad, Serbia) was used, with a conductivity of
fewer than 2 pS cm ™" was used.

Cytotoxicity assay

Cytotoxicity assays were performed using confluent and non-
differentiated colon adenocarcinoma cells Caco-2 and HT-29,
breast adenocarcinoma cells MCF-7 and normal human fibro-
blast cells MRC-5. Caco-2 cells were seeded at a density of 2 x
10* cells per well in 96-well plates and allowed to grow for 7 days
with medium renewal at day 3 after seeding. At day 7, (complete
confluence), Caco-2 cells were incubated with different
concentrations of the solvents diluted in a culture medium
(DMEM with 0.5% FBS and 1% NEAA). Human tumor cells HT-
29, MCF-7, and normal fibroblast MRC-5 cells were cultured in
96-well microplates at a density of 1 x 10* cells per well. After
24 h of incubation at 37 °C in 5% CO,, cells were exposed to
different concentrations of the solvents diluted in a culture
medium (RPMI with 0.5% FBS).

The tested concentrations of NADES systems or DMSO
ranged between 0.063 and 15% (v/v), according to the solvents
assessed.

After 48 h of incubation at 37 °C with 5% CO, in a humidified
atmosphere, the cell viability was assessed using the CellTiter
96® AQueous One Solution Cell Proliferation Assay (Promega,
USA) containing the MTS reagent according to the manufac-
turer's instructions. Absorbance was measured at 490 nm using
a microplate spectrophotometer. Results were expressed in
terms of the percentage (%) of cell viability relative to control
(cells grown in culture medium only). The EC50 values repre-
sent concentration (volume ration) of the mixture causing 50%
growth inhibition, and were determined from dose-response
curves.

Morphological analysis

The morphology of cells was monitored using an inverted
microscope (Carl Zeiss, Jena, Germany, magnification 103.75-
fold) equipped with a digital camera (Olimpus, USA). For that
purpose, human tumor cells Caco-2, HT-29, MCF-7, and non-
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tumor cells MRC-5, were seeded into 6-well plates (Thermo
Scientific Nunc™), and following 24 h of growth, exposed to the
tested NADES systems. Following 48 h of treatment, cells were
visualized.

Statistical analysis

All experiments were made in triplicate and the results were
expressed with the mean + standard deviation.

Results and discussion

The results related to the cytotoxic effects of twelve NADES
systems and comparison to DMSO as control are presented in
Fig. 1 and 2, dose-response curves are presented in Fig. S2,f
and calculated ECs, values are presented in Table 1. All
prepared NADES systems were previously analyzed by ther-
mogravimetric analysis (TGA) to determine water content after
MW synthesis and experimental values of water content and
molar ratios of prepared systems were presented in the publi-
cation Juri¢ et al. (2021)."”

MTS assay showed that tested NADES systems exhibited
certain antiproliferative effects which varied depending on the
tumor cell line and at the same time exerted mostly reduced
toxicity towards non-tumor MRC-5 cells, compared to the
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control (DMSO). Human fibroblast MRC-5 cells were used as
a model system for in vitro toxicity evaluation.

It can be generally stated that the first four systems, which
contain acids, showed a significantly higher cytotoxic effect on
all examined cell lines. For this reason, a concentration range of
0-1% (v/v) was chosen for these systems. Sample 3 (ChCl:
LacA(;.;)) didn't reach ECj, value with concentrations lower
than 1%, so the concentration range was widened up to 7.5%
and the results are presented in Fig. S1.T Other NADES systems,
in which HBD is from the class of sugar, alcohol, or urea,
showed significantly lower cytotoxicity, so a concentration
range of up to 15% was chosen.

For all cell lines ECs, value was calculated and expressed in
% v/v (Table 1) and recalculated in mg mL™~" (Table S17). For
Caco-2, ECs, ranged from 11.09 mg mL ' (ChCl:CitA) -
55.69 mg mL "' (ChCl:Fru), for HT-29: from 3.91 mg mL "’
(ChCl: CitA) - 45.60 mg mL ™" (ChCl:Gly), for MCF-7 from
5.54 mg mL~" (ChCl: CitA) - 42.07 mg mL ™" (ChCl: Sor) and
MRC-5 cell line, from 5.23 mg mL™" (ChCl: MalA) - 30.17 mg
mL " (ChCl: 1,3PD). DMSO, a widely used solvent, was used for
the comparison and it was significantly less toxic to Caco-2,
MCF-7, and MRC-5, compared with NADES solvents. However,
the toxicity of DMSO to HT-29 cells was similar to the toxicity
expressed by ChCl: 1,4BD system (Table 1).
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Fig. 1 Effect of acidic based NADES mixtures on cell viability of different cell lines: HT-29 (a), CaCo-2 (b), MCF-7 (c), and MRC-5 (d) shown in
different volume ratios of NADES (%) (v/v). * Results are representative experiment shown as means + S.D. of three to four experiments. NADES
systems: 1 (ChCl: CitAq.q); 2 (ChCLl: MalAg.1)); 3 (ChCL: LacAq.1) and 4 (ChCL: AscAp.p). Error bars for ascorbic acid system were not shown in the

cases with very low reproducibility.
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Fig.2 Effect of NADES systems based on urea, sugars and alcohols and DMSO on cell viability of different cell lines: HT-29 (a), Caco-2 (b), MCF-7
(c), and MRC-5 (d) shown in different volume ratios of NADES (%) (v/v). * Results are representative experiment shown as means + S.D. of three to
four experiments. NADES systems: 5 (ChCL: Ur.3)); 6 (ChCL: Gly.1)); 7 (ChCL: Frug.gy); 8 (ChCL: Sor.1)); 9 (ChCl: 1,3PDyy.1)); 10 (ChCl: 1,2PD.q);

11 (ChCl: 1,3BD1.q) and 12 (ChCL: 1,4BDyy.1)).

Many previously published manuscripts reported that deep
eutectic solvents are benign and non-toxic solvents.'*** Mean-
while, several papers examined the cytotoxicity of eutectic
mixtures to selected cell lines (Hayyan et al. 2013, 2015, 2016;
Paiva et al. 2014; RadoSevi¢ et al. 2015, 2018; Macario et al.
2019).10,11,15,22—24

Numerous researchers indicated that certain organic acids
including malic acid could express diverse biological effects like
antioxidant, anti-inflammatory, antiplatelet, antiapoptotic, and
slight cytotoxic activity against HeLa and MCF-7 cell lines.>**
Radosevi¢ et al. (2018)" have also found that the choline chlo-
ride-oxalic acid NADES system showed cytotoxic activity to

Table 1 Cytotoxic activity of the investigated NADES mixtures determined after 48 h treatment by MTS assay expressed with ECsq in % (v/v)*

ECs (%) £ S.D.

No. NADES system Caco-2 HT-29 MCF-7 MRC-5

1 ChCl: CitAq.1) 0.88 £ 0.03 0.31 £+ 0.02 0.44 £0.10 0.67 £ 0.03
2 ChCl: MalA(.y) 0.94 £ 0.03 0.37 £ 0.03 0.48 £+ 0.09 0.44 £ 0.17
3 ChCl: LacA.1 2.90 £ 0.99 0.77 £ 0.04 1.13 £0.20 0.86 £+ 0.03
4° ChCl: AscAp.1y n.d. n.d. n.d. n.d.

5 ChCl: Ur(y.y) 2.74 £ 0.10 2.37 £ 0.09 1.94 £ 0.12 1.93 &+ 0.10
6 ChCl: Glyg.q 4.09 £ 0.17 4.00 £ 0.10 2.76 + 0.12 2.10 £ 0.20
7 ChCl: Frug.) 4.42 £ 0.28 2.74 £+ 0.05 2.45 £0.15 2.61 £ 0.40
8 ChCl: Sor(y.q) 2.97 £ 0.09 2.42 £ 0.09 3.42 £ 0.02 2.13 £ 0.16
9 ChCl: 1,3PD.q) 3.08 £ 0.06 3.23 £ 0.09 2.34 £0.09 2.73 £0.03
10 ChCl:1,2PD(y.4) 3.07 £ 0.11 2.90 £ 0.07 2.96 & 0.31 2.67 £ 0.10
11 ChCl:1,3BD(1.1 3.33 £0.12 3.28 £0.12 2.66 £ 0.10 2.44 £ 0.11
12 ChCl: 1,4BD(y.y) 3.31 £ 0.12 3.06 £ 0.09 3.05 £ 0.33 2.36 £ 0.22
13 DMSO ~13.26 2.98 £ 0.13 2.34 £0.30 2.73 £0.28

“ Results expressed in mg mL ™" are given in the ESIL. b EC,, values for ascorbic acid-based system were not reproducible, and therefore EC5, was not

presented in the table.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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MCF-7 cell line with EC5, = 0.054 mg mL ™" which is about ten-
fold higher activity compared with ChCl: CitA and ChCl: MalA
in our investigation. Enhanced cytotoxicity of the oxalic acid-
based NADES system was explained by the formation of
calcium oxalate crystals inside the cells.”” Light microscopy
photos of HT-29, Caco-2, MCF-7, and MRC-5 cells without
(control) and after 48 h of treatment with 1% ChCl : CitA(,.1) are
presented in Fig. 3.
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The morphological analysis of treated HT-29, Caco-2, MCF-7,
and MRC-5 cells showed a dose-dependent decrease in cell
number (only representative micrographs following action of
acidic NADES system ChCl: CitA;.;) are shown in Fig. 3). Non-
treated control cells have grown in monolayers, attached to
the well bottom. Following treatment tumor cells HT-29, Caco-
2, MCF-7 gradually lost their normal morphology, became
shrunk, more rounded, and reduced -cell-to-cell contacts.
Morphological characteristics in non-tumor MRC-5 cells

Fig. 3 Light microscopy of HT-29, CaCo-2, MCF-7 and MRC-5 cells without (control) and after 48 h of treatment with 1% acidic NADES system

(ChCl: CitA(l;l)).

3524 | RSC Adv, 2023, 13, 3520-3527
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however were less affected by NADES treatment and cells mostly
maintained typical spindle shape.

It was observed that among acidic systems, the lactic acid
based system (ChCl: LacA) showed the lowest cytotoxicity to all
four cell lines (Fig. 1), with EC5, values significantly higher than
ECs, values for malic and citric acid-based systems. Lactic acid
is also an essential component of the bioresorbable and
biocompatible polymers (polyesters) and nanocarriers made to
be more compatible with human cells.>* Still, as a component
of the tested ChCl:LacA system at higher concentrations
perhaps may contribute to the increased LacA concentration in
the tumor cell surrounding and cause the acidic shifts in the
extracellular space.*® This might also be the factor responsible
for the similar cytotoxic effect of tested acid-based NADES
systems.

The most acidic system among the four acidic systems in this
research was the citric acid-based system with pH 1.5.” The
buffer system of the used culture medium could not buffer it
and, for example, the pH of the DMEM after addition of 5% of
ChCl: CitA was 2.83 which is still much lower than the optimal
pH for cell culture cultivation."

The ascorbic acid-based system showed a concentration
dependent increase of cytotoxic effect, however, results were not
reproducible, and standard deviations were high for all inves-
tigated cell lines, so ECs, was not calculated. An effect of ChCl:
AscA system on cell viability can be explained by a drop of pH
below the optimal values for mammalian cell growth (i.e., pH 7-
7.4).*' According to previous reports, cytotoxicity of higher
ascorbate doses to tumor cells (millimolar concentrations) may
be mediated also through the generation of reactive oxygen
species (ROS) such as H,0, in the preferably acidic and ferritin
reach tumor cell microenvironment, and further ROS depen-
dent damages to the cell membrane or other cell structures may
occur.?* Studies of the ascorbic acid (vitamin C) effect in tumor
cells up to the date indicated that both “protective” or
“destructive” features, affecting cellular homeostasis, may be
obtained by modulation of the pharmacological doses**~** High-
dose intravenously administered ascorbic acid is however
widely used in cancer treatment as complementary and alter-
native medicine practice, due to its potential effectiveness as an
anti-cancer agent which enhances chemosensitivity of cancer
cells and reduces chemotherapy-related toxicities. Data ob-
tained in the present study suggested that the additional tuning
of the proportion of the components in the acidic NADES
systems is required and needs to be precisely addressed.

Comparing all the results, no selectivity was detected
comparing investigated cell lines. ChCl: Ur system expressed
higher cytotoxicity to all investigated cell lines, especially to
MCF-7 and MRC-5, compared with other non-acidic systems.
The toxic effect of the urea-based system in MCF-7 cells could be
attributed to urea basicity’®*® since the optimal pH for cell
cultivation is neutral. On the other hand, HT-29 cell line was
less affected pointing out that cytotoxicity depended on cell
type.

Hayyan et al. (2015)" investigated the cytotoxic effects of
choline chloride-based NADES solvents comprising glycerol,
ethylene glycol, and urea on OKF6, MCF-7, PC3, A375, HepG2,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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HT29, and H413 cell lines and compared them with their
components. They came out to a similar conclusion that cell
toxicity is dependent on NADES composition and concentra-
tion. Furthermore, they discovered that the toxicity of synthe-
sized NADES systems was not equal to the simple sum of
individual components' contribution, revealing that synergism
or antagonism between components could exist.™ It has been
implied that one mechanism by which DESs induces cancer cell
death is through disruption of the cell membrane. Cell
membrane disruption was observed in three different cancer
cell lines (MCF-7, a human gastric cancer cell line [AGS], and
a human cervical cancer cell line [HelaS3]) when the perme-
ability dye stained cells were treated with ChCl: fructose (2: 1)
and ChCl: glucose (2:1).°

In the experiment, NADES systems were compared with
dimethyl sulfoxide (DMSO) as a widely used solvent. DMSO is
one of the most commonly used solvents for dissolving both
polar and non-polar compounds, because of its polar aprotic
character and amphiphilic nature.’” Although research from
1960 to 1990 pointed to a lot of concerns about the biological
safety of DMSO, later investigations categorized DMSO in the
same class as ethanol (class 3 solvent),.* It is generally accepted
that DMSO is nontoxic below 10% (v/v),”” but in the investiga-
tions dealing with cell lines in vitro, concentrations up to 1%
DMSO are permissible to most cell lines. For example, OECD
genetic toxicity test guidelines recommend no more than 1%
final concentration of organic solvents including DMSO.*

However, it was documented in laboratory-based studies that
dimethyl sulfoxide [DMSO, O=S(CHj;),] may interfere with
ligand displacement of metal-based pro-drugs and anticancer
drugs such as cisplatin, that need substitution reaction under
physiological (intracellular) conditions for their activation.
Concerns that DMSO might not be quite suitable either for
storage or continuous drug exposure, rises certain constraints
for its wide usage, besides its toxicity.*>** Rising awareness of
the significant issue in medicinal chemistry considering
appropriate drug solvation, which may provide higher solubility
and availability while ensuring environmental and health safety
is why the development of deep eutectic solvents (DESs) is
gaining deep interest as alternative vehicles for the preparation
of pharmaceutical formulations.

Comparing the cytotoxicity of DMSO on investigated cell
lines, differential susceptibility was found between them. The
most tolerant was the Caco-2 cell line with EC5, = 13.26%
followed by MCF-7 and MRC-5 cell lines with EC5o = 4.25% and
4.36% respectively. The most vulnerable was HT-29 cell line
with ECs, = 2.98%. The increased sensitivity of this cell line
could be explained by the influence of DMSO on cell
membranes. It was documented that DMSO easily penetrates
most tissue membranes.*” It also enhances the permeability of
other molecules dissolved in DMSO allowing them to penetrate
deep into the tissue.*® Therefore, DMSO is used in preparations
and formulations for topical application.’” All the mentioned
features are also present in NADES solvents, with the excep-
tional possibility of solubilization of small molecules, an
increase of permeability, and bioavailability.**** Radosevi¢
et al. (2018)" pointed out that the mechanism of NADES action
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is determined by the composition of the system and is most
likely associated with its interactions with cell membranes. Our
research confirmed that the toxicity of NADES, which is variable
and primarily depends on the biological characteristics of the
cell line itself, and also on the concentration of the system,
must be taken into account.

Conclusion

The use of green products of plant origin from renewable
resources and generally biological materials such as NADES
solvents represents the technology of the future. The fact that
NADES systems are the solvents of the 21st century is supported
by dramatically increased scientific interest in the use of NADES
in the last few years. Herein we presented the cytotoxic profile of
twelve choline chloride-based NADES systems determined in
human tumor cells HT-29, Caco-2, MCF-7, and non-tumor MRC-
5 cell lines, assuming that there is still a lack of data related to
the cytotoxicity of frequently used NADES solvents. Our results
supported the fact that NADES solvents showed relatively low
cytotoxicity, except for those in which at least one component is
acidic. The most acidic system, based on citric acid, also
showed the highest cytotoxicity, especially to HT-29 and MCF-7
cell lines. This fact must be taken into account when talking
about the applications of NADES systems as food additives, bio-
based cosmetics, and mediums for making drug formulations.
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