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ABSTRACT: Deep eutectic solvents (DESs) have become a hot

topic in many branches of science due to their remarkable
properties. They have been studied in a wide variety of =5
applications. In particular, choline chloride (ChCl)-based DESs
are one of the most commonly used representatives of these fluids.
Nevertheless, in order to apply DESs in some fields, it is essential
to guarantee their stability, reusability, and biocompatibility. In this
context, the long-term stability of three ChCl-based DESs formed ) Green
using glucose, malonic acid, and urea as hydrogen bond donors was ) + 8 ‘

investigated. Furthermore, the possible formation of toxic by- oo/ ] or
products during long-term heating was evaluated for the first time, Bisk Sfusion Toxic?
and toxicological studies using three bacterial strains (Escherichia

coli, Pseudomonas aeruginosa, and Staphylococcus aureus) were performed. ChCl:urea DES revealed a high long-term thermal stability
and was also found to be less toxic to the bacteria and thus can be considered as green solvent. ChCl:glucose DES started to
decompose as a result of possible caramelization at 100 °C, and decomposition was further promoted at more elevated temperatures.
Degradation of this DES did not affect greatly the toxicity toward bacteria, and low antibacterial properties were observed. The
applicability of ChCl:malonic DES is not recommended as this DES was shown to be thermally unstable due to esterification and
decomposition of malonic acid into acetic acid and carbon dioxide. Moreover, high toxicity of this DES in comparison to other DESs
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assayed in this study was reported.

B INTRODUCTION

Since the first report on deep eutectic solvents (DESs) in
2003," this new class of solvents has quickly attracted the
scientific community. Over the years, DESs have become
powerful alternatives to both organic solvents and ionic liquids
(ILs),”™> and they have been used in a broad variety of
applications, such as biocatalysis,”” electrochemistry,”’ syn-
thesis,'’ and separation and extraction processes such as CO,
capture,11 biomolecule extraction,'>'® desulfurization,'* azeo-
trope breaking,'> biomass processing,16 or gas chromatog-
raphy.'” In general, DESs are defined as liquid mixtures of two
or more chemical compounds resulting from the hydrogen
bond interaction of a hydrogen bond acceptor (HBA) and a
hydrogen bond donor (HBD), typically solids at room
temperature.. Consequently, this eutectic mixture exhibits a
significantly lower melting point compared to its pure
compounds. The big advantage of DESs lies in their easy
straightforward preparation, which involves simply mixing and
heating HBAs and HBDs.'®"” Moreover, the compounds used
in preparation of DESs are abundant, inexpensive, biodegrad-
able, biocompatible, and very often come from natural sources,
for example, choline chloride (ChCl), carbohydrates, amino
acids, among others. All of this combined with their low
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melting point and volatility, solubility for various substances,
and “designer solvent” character’””' contributed to their
recognition as green and sustainable solvents, which are
constantly sought and are becoming a corner stone of modern
green chemistry according to the “Twelve Principles of Green
Chemistry” established by Anastas and Warner.”

One of the important parameters that can hinder high-
temperature applications of DESs is their thermal stability.
Nowadays, the thermal properties are measured using the
thermogravimetric analysis (TGA), which is a powerful
technique for the measurement of thermal stability of
materials. In this method, changes in the weight of a
compound are measured while the temperature is increased
with a constant heating rate, typically 5 to 20 K/min.”>*’
However, up to now, there have been relatively few studies on
the thermal stability of DESs. Furthermore, in most of them,
the onset decomposition temperatures (T,,..) Were obtained
from dynamic TGA under different experimental conditions,
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making it very difficult to compare the values obtained in
different studies.””*” Moreover, one should keep in mind that
while performing dynamic TGA, the temperature increases
rapidly at a fixed rate. Therefore, the actual critical temperature
passes through the tested sample rather quickly, and thus, a
noticeable and measurable mass loss is not registered.
Importantly, it was previously shown that it leads to the
overestimation of the onset decomposition temperature.”*™>°
From an industrial application point of view, such an
overestimation of the onset decomposition temperatures of
DESs could result in the use of DESs with conditions under
which their thermal stability could be questioned. Having said
that, it is necessary to study maximum operating temperatures
in long-term scenarios, especially when DESs must endure
certain high temperature for some time. Previous studies on
DES thermal stability revealed that these solvents primarily
decompose to HBAs and HBDs through weakening and
breaking of the hydrogen bonds.”® In general, two decom-
position steps are observed for DESs: first, the DES
component with a lower boiling point or poor stability
undergoes volatilization or decomposition (usually HBD), and
second, the volatilization or decomposition of the other DES
component at a higher temperature takes place (usually
HBA).”® Furthermore, it was reported that the hydrogen
bonds play a crucial role in the thermal stability of DESs since
they prevent molecules from “escaping”, and thus, more energy
is needed to break the bonds compared to pure HBAs and
HBDs.” Overall, the more stable the DES starting materials
are, the higher the T values of the corresponding DESs
could be expected.”®

Another important issue that should be considered is DES
toxicity. Until now, there is rather scarce knowledge on this
topic.”’ 7*° It is mostly related to the fact that DESs are
portrayed as green and non-toxic solvents because they are
very often prepared using natural and biocompatible
substances. Therefore, a lot of researchers simply assume
that if the starting materials are non-toxic then the created DES
is most likely non-hazardous to organisms without studying its
effect on organisms at various trophic levels. Nevertheless, it is
of pivotal importance to remember that after formation of
hydrogen bonds, a new supramolecular structure is cre-
ated;**” thus, possible toxicity as a result of this change
may be expected and should be evaluated. Indeed, there are
several studies that report the toxicity of DESs on various
prokaryotic microorganisms (Gram-positive bacteria and
Gram-negative bacteria) and eukaryotic organisms, including
microorganisms (yeasts and molds), human and animal cell
lines, and animal models (Hydra sinensis, Cyprinus carpio fish,
and Artemia salina brine shrimp).*' ~*° Most of all, the toxicity
of DESs should be controlled for DESs envisaged in
applications important for the quality of life such as cosmetic,
food, drug production, and medicine. Furthermore, besides the
studies on toxicity of primary DES, also the toxicity of DES
recovered after the process should be examined.” Very often,
some of the processes require the use of characteristic
conditions, for example, elevated temperatures, ultrasounds,
or microwaves. Such factors can cause DES chemical instability
and lead to formation of harmful byproducts. Consequently,
the eco-friendly character of primary DES could be strongly
affected and lead to the introduction of these byproducts to the
final product.

The low number of studies on long-term thermal stability of
DESs and lack of studies on toxicity of DESs that endured high

temperatures during extended time led to the current work. In
this study, we have selected three choline chloride (ChCl)-
based DESs. ChCl was used as a HBA because it is a
quaternary ammonium salt that is non-toxic, biodegradable,
and commonly used as an additive in animal feed and human
nutrition.”® In addition, ChCl is widely used as the HBA to
form DESs due to its low price, availability, and easy
connection with various HBDs.””*° As a HBD, we have used
urea (HBD used in pioneering work on DESs'), glucose
(representant of carbohydrates), and malonic acid (represent-
ant of carboxylic acids) since DESs derived from these
compounds are employed as solvents in different separation
processes.” "' The temperature effect on stability of selected
DESs was examined by keeping the eutectic mixtures at 80,
100, and 120 °C for 2 h. Afterward, the long-term thermal
stability was assessed using high-performance liquid chroma-
tography (HPLC) for the primary and heated DES samples.
Furthermore, the possible presence of volatile compounds after
the heating was also studied by performing headspace gas
chromatography—mass spectrometry (HS—GC—MS). Finally,
the toxicity studies [disk diffusion test and minimal inhibitory
concentration (MIC) examination] of individual DES starting
materials, the respective primary DESs, and DESs after long-
term heating were carried out using three bacterial strains,
namely, Escherichia coli ATCC 25922, Staphylococcus aureus
ATCC 25923, and Pseudomonas aeruginosa ATCC 27853. The
information gathered in this work is important for possible
industrial applications in cosmetic, food, pharmacological,
biotechnological, and biomedical sectors, in which DESs are
used at high temperatures, where stability, reusability, and
biocompatibility are required.

B EXPERIMENTAL SECTION

Chemicals and Biologicals. ChCl and malonic acid were
purchased from Sigma Aldrich (purity >99% (w/w)), while -
(+)-glucose (pure) was purchased from WarChem. Acetoni-
trile for HPLC-Ultra Gradient (POCH, Poland) and deionized
water with pH 7 (acidified with hydrochloric acid) were used
as eluents and solvent in HPLC analysis. Besides eluents for
HPLC, all chemicals and solvents were of analytical grade and
were used without further purification.

For toxicological studies of ChCl-based DESs bacterial
strains of S. aureus ATCC 25923 (Gram-positive), E. coli
ATCC 25922 (Gram-negative) and P. aeruginosa ATCC 27853
(Gram-negative) were chosen. These strains were previously
successfully used as reference strains to test the antibacterial
properties of honey using the MIC method.”

Preparation of DESs and Thermal Degradation
Procedure. The required amounts of both chemical
compounds (HBA and HBD) were weighed using an analytical
balance AS.310.R2 (Redwag) in order to prepare a mixture
with the desired molar ratio (ranging from 1:1 to 1:2, see
Table S1 in Supporting Information). Next, the prepared
mixtures were heated at 60 °C under constant stirring using a
06-MSH-PRO-T magnetic stirrer with heating (Chemland)
coupled with a PT 1000 temperature sensor until a stable
homogeneous liquid was formed.

To study the effect of the elevated temperature on the
stability and toxicity, the DESs were prepared following the
same procedure as described above. Afterward, the mixtures
were collocated in closed vials and heated at different
temperatures—80, 100, and 120 °C for 2 h.
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Figure 1. HPLC-UV chromatograms of ChCl:urea DES prepared via the heating method at 60 °C (red line) and after heating for 2 h at 80 °C
(yellow line), 100 °C (green line), and 120 °C (blue line). Peaks 1 and 2 refer to ChCl, peak 3 refers to urea, and peak 4 refers to the unidentified

product of urea decomposition.

Hydrophilic Interaction Liquid Chromatography. A
Merck-Hitachi gradient liquid chromatograph (Germany)
equipped with a four-channel low-pressure gradient system, a
L-6200 pump, a Rheodyne Rh7161 (USA) injector with a 20
uL sample loop, a thermostat, a diode array detector (DAD)
model 7455, a model 1037A refractive index detector, and
HSM software was used for identification of possible
temperature degradation intermediates. A LiChrospher 100
CN column with a total length of 250 mm, a diameter of 4.0
mm, and packed with 5.0 ym particles (Hewlett Packard) was
used as an analytical column, and the chromatographic analysis
was performed in the isocratic elution mode. Sample analysis
was performed at a flow rate of 1.0 mL/min, and the mobile
phase were acetonitrile 95% [v/v] and $% [v/v] deionized
water with pH 7.

Headspace Gas Chromatography—Mass Spectrome-
try. Headspace gas chromatography—mass spectrometry was
performed using a model QP2010 GC single-bond MS SE gas
chromatograph-mass spectrometer (Shimadzu, Japan) equip-
ped with a combi-PAL AOC 5000 autosampler (Shimadzuy,
Japan) and a DHA Restek column with a total length of 100 m,

thickness of 0.50 ym, and diameter of 0.25 mm. LabSolutions
software (Shimadzu, Japan) with NIST 14 and Wiley 8.0 mass
spectrum libraries were used for data management and
identification of the formed byproducts. For this, samples of
the studied DESs (ca. 1 mL) were heated in 22 mL capped
headspace vials at 80, 100, and 120 °C for 2 h. Next, 0.5 mL
headspace samples were collected using a heated gastight
syringe. The samples were immediately injected into the
injection port of the gas chromatograph. The following
chromatographic conditions were applied: temperature pro-
gram: 50 °C (S min)—ramped at $ °C/min to 115 °C (0 min)
and then ramped at 10 °C/min to 250 °C (10 min); injection
port temperature 250 °C; split injection mode 10:1; transfer
line temperature 250 °C; ion source temperature 220 °C; and
the carrier gas was helium (1 mL/min). The mass
spectrometer was operated in the SCAN mode in the mass
range of 33—350 m/z.

Disk Diffusion Test for Toxicity Studies Against
Selected Bacterial Strains. Initially, the toxicity of primary
DES and heated DES samples was screened out using disc
diffusion assay. To prepare the bacterial inoculum used in disc
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Figure 2. HPLC-UV chromatograms of ChCl:glucose DES samples prepared via the heating method at 60 °C (red line), after heating for 2 h at 80
°C (yellow line), 100 °C (green line), and 120 °C (blue line). Peaks 1 and 2 refer to ChCl, peak 3 refers to the unidentified product of glucose

decomposition, and peak 4 refers to S-HMF.

diffusion tests, Petri dishes with LB agar medium (A&A
Biotechnology) were inoculated with reference bacteria strains
and then incubated at 37 °C for 16—18 h. Then, using a sterile
spatula, the bacteria were transferred to sterile PBS (Sigma-
Aldrich) and suspended in S mL of sterile PBS. In each case, an
additional volume of fresh PBS was added to obtain bacterial
suspension with the optical density of the solution (ODgq) in
the range of 0.1-0.12 (~1 X 10° CFU/mL). Afterward, the
bacteria were collected from the prepared suspensions with a
sterile ear stick and inoculated in Petri plates with fresh and
sterile LB agar medium. For each type of DESs, exposed and
not exposed to temperature, 10 uL of the sample was applied
to a sterile paper disc with a diameter of S mm (BioMaxima).
After 15—30 min (the time needed for the disc to be evenly
wetted with DES), each disc was placed with sterile tweezers
on LB agar previously seeded with one of the three bacterial
strains, that is, E. coli ATCC 25922, S. aureus ATCC 25923,
and P. aeruginosa ATCC 27853. Thereafter, the inoculated
plates with attached paper discs (control discs and discs with
samples of analyzed DESs) were incubated for 24 h at 37 °C.
After the incubation, the presence or absence of zones of

bacterial growth inhibition around discs with samples of tested
DESs was checked. If there was a bacterial growth inhibition
zone around the paper disk, its diameter was measured to
assess the antimicrobial properties of each tested sample.
MIC Determination. MICs were determined using the
broth microdilution method following the CLSI guidelines.”’
Briefly, stock solutions of primary DESs, heated DESs, ChC],
and malonic acid were dispensed in a 96-well round-bottom
microtiter plate and twofold serially diluted in Miiller-Hinton
Broth 2 medium (MHB2, Sigma-Aldrich) to obtain a
concentration range of solutions between 1.0 and 500.0 uL
of testing sample/mL. Afterward, each well containing different
concentrations of tested compounds (100 pL) was inoculated
with 100 pL of bacterial suspension (resulting in a final
concentration range of solutions used in assay between 0.5 and
250.0 #L/mL) prepared as was previously reported by Grecka
et al,* with one modification; in place of MHB medium, we
used MHB2 medium that was previously successfully used for
this purpose in the studies of Grecka et al.*** As controls,
MHB2 (bacteria-free) and MHB2 (with no added tested
compounds and inoculated with bacterial suspension) were
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used. Furthermore, due to brown color of ChCl:glucose DES
samples heated at 100 and 120 °C, uninoculated twofold serial
dilutions in MBH2 were also prepared and served as a negative
control during estimation of growth of the tested bacteria (an
absorption assay). Each inoculated microtiter plate was
incubated under aerobic conditions at 37 °C for 16—20 h.
After incubation, the growth of the bacterium was followed by
measuring the absorbance at 600 nm. For this purpose, each
96-well plate with analyzed samples was placed in a
spectrophotometer PlateReader AF2200 (Eppendorf). MIC
values were read as the lowest concentration of the analyzed
DESs (primary and heated), ChCl, and malonic acid, at which
growth was inhibited after incubation (concentration of an
analyzed compound producing at least a 90% reduction in
bacterial growth, when compared to the control growth
sample). Furthermore, to confirm the obtained MIC values,
resazurin sodium salt (0.015%, Acros Organics) was added to
all wells (30 pL per well) after absorbance reading, and the
plates were further incubated for 2—4 h for the observation of
color change. On completion of the incubation, columns with
no color change (blue resazurin color remained unchanged)
were marked as above the MIC value. Results were expressed
as the average of the values obtained in each of two biological
replicates.

B RESULTS AND DISCUSSION

HILIC Study on DES Stability. The DESs selected in this
work were prepared using the heating method at 60 °C, and
the chosen molar ratios were used since they correspond to the
most widely studied compositions."*>** In order to investigate
the effect of temperature on the long-term stability of the
DESs, the prepared solvents were stirred and heated at
different temperatures—80, 100, and 120 °C for 2 h. The
HPLC-UV chromatograms for ChCl:urea and ChCl:glucose
are shown as an example in Figures 1 and 2, respectively.
These chromatograms were obtained by “extraction” of
selected two-dimensional chromatograms for selected wave-
lengths from a 3D HPLC-UV-DAD chromatogram. In this
case, 200 nm wavelength was used as all of the detected
compounds with the exception of glucose absorbed UV light at
this wavelength. The HPLC-UV chromatograms for ChCl:ma-
lonic acid and DES starting materials can be found in Figures
S1-S2 in the Supporting Information. Note that for
ChCl:malonic acid DES, only samples of primary DES and
the DES heated at 80 °C were analyzed since after heating at
higher temperatures, the mixtures did not maintain their liquid
state, meaning that DES was decomposed.

As can be observed in Figure 1, the ChCl:urea DES
remained stable after heating at 80 °C since no major changes
in the chromatograms for primary DES and heated DES were
detected. Please note that the peaks at around 1.00 and 1.50
min belong to ChCI and the peak around 1.70 min belongs to
urea (see Figure S2). Furthermore, it shows that DES
components eluted separately, further confirming the breaking
of the DES supramolecular structure while in solution. On the
other hand, for the mixture heated at 100 °C, some changes in
the shape of the peak of urea were noted. Moreover, at 120 °C,
further changes were observed, and besides the peak at around
1.70 min, a new peak at 1.80 min was detected. It seems that
the changes in the shape of peak 3 (sample heated at 100 °C,
see Figure 1) and appearance of new peak 4 (sample heated at
120 °C, see Figure 1) are an effect of evolution of ammonia,
which after intensification of the degradation is also

accompanied by the formation of biuret (2-imidodicarbonic
diamide), triuret, and ammonium isocyanate.*” It indicates that
during long-term heating at a temperature of 100 °C, urea
started to decompose. Previously, the onset decomposition
temperature between 172.5 and 211.0 °C was reported.”>****
Since the mentioned temperature values for the starting point
of the degradation of ChCl:urea DES were obtained during
dynamic TGA analysis, based on our results, it can be
concluded that even at much lower temperatures than those
reported in the literature and which serve as reference values
for the upper temperature limit of compounds at which they
can be safely applied, ChCl:urea DES starts to decompose in
long-term heating scenarios. It is an important conclusion as
time of DES preparation is found to have important influence
on its composition. Somehow it can explain why for many
DESs, reported values of physiochemical properties sometimes
differ between the studies. More seriously, such composition
changes can affect studies focused on evaluation of bioactive
properties of DESs and extracts obtained from DESs as
extractive medium. In such cases, an in statu nascendi-
contaminated DES can cause false conclusions of many
important studies.

In Figure 2, the ChCl:glucose HPLC-UV chromatograms
are compared. Similar to ChCl:urea DES, the heating at 80 °C
for 2 h did not have great impact on the stability of this solvent
and no major changes in chromatograms for primary DES and
that heated at 80 °C were observed. This scenario changed
when the temperature was increased to 100 °C. The analysis of
HPLC-UV chromatograms for the DES sample heated at 100
°C revealed, besides the peaks at 1.00 and 1.50 min (related to
DES HBA), the presence of an additional peak at 1.80 min. On
the other hand, for the DES heated at 120 °C, the peak at 1.80
min was significantly lower and another peak at 2.25 min
showed up. Based on these results, it can be concluded that
when heated for extended time, ChCl:glucose DES starts to
decompose at 100 °C and when the time passes and
temperature increases, it undergoes further decomposition.
What is more, the occurring changes to the heated DES could
also be observed visually since the samples kept at 100 and 120
°C changed their color from transparent to light brown and
dark brown, respectively. It is well known that thermal
degradation of sugars may occur either by the Maillard reaction
or caramelization.*”*° Furthermore, in both reactions, the
process of non-enzymatic browning is observed. However, for
the Maillard reaction to happen, the presence of amino acids is
required.*”* On the other hand, the caramelization usually
takes place at higher temperatures or when sugars are heated
for longer time *° and is influenced by pH and sugar
concentrations.”’ In previous work, it was reported that
ChCl:glucose DES at different molar ratios was colorless after
heating at temperature up to 80 °C, which indicated that
neither caramelization nor Maillard reactions occurred at these
temperatures.”” It was confirmed in our work too since no
major changes in chromatograms or visual aspect of samples
heated at 80 °C were noticed. In general, thermal degradation
of glucose results in formation of a mixture of different
compounds including aldehydes, furfurals, phenols, acids,
among others.”” Among them, thermodynamically stable 5-
hydroxymethylfurfural (5S-HMF) is the one that is the main
product of sugar degradation.”*>> After comparison of the UV
absorption spectrum of S-HMF and of a compound with a
retention time of 2.25 min obtained with HPLC—DAD, we can
confirm that it is more likely 5S-HMF as two characteristic
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bands (one around 230 nm and second around 284 nm) were
present (for more details, please refer to Figure S3 in
Supporting Information). S-HMF is not toxic; however, it is
responsible for characteristic smell, and thus in the case of
large-scale industrial applications of this DES,—in case of
overheating—an odor nuisance around the place of usage is
caused. It is worth to mention that unintended overheating of
materials is a common issue in the industry in many branches.
In such cases, emission of a wide spectrum of VOCs into the
environment is observed.”>"’

The dynamic TGA curves obtained in previous studies for
ChCl:glucose DES showed two different slopes that corre-
sponded to the two decomposition steps of glucose, while the
second step also corresponded to thermal degradation of
ChCL>**® Furthermore, the T, for ChCl:glucose DES
ranged between 183.9 and 223.9 °C.>>?° Once again, it shows
that lower temperatures are able to initiate thermal degradation
of DESs when long-term heating is applied and that the
operational temperatures for DESs should not be chosen based
on T, values.

As mentioned earlier, the chromatographic analysis for
ChCl:malonic acid DES was performed only for primary DES
and DES heated at 80 °C. It can be observed in Figure S1 that
at the lowest temperature applied, this DES seems to be
thermally stable because no changes in chromatographic
analysis were detected. Nevertheless, in the work of Rodriguez
et al, it was concluded that during heating, esterification
reaction between the hydroxyl group of ChCl and malonic acid
takes place.”” What is more, it was stated that for such
ChCl:carboxylic acids DESs, the decomposition had started
already during preparation via the heating method (e.g., T = 60
°C) because all the investigated DESs were esterified to a
certain extent.” The authors further observed that during
heating at 80 °C for 2 h, the decomposition of malonic acid
into acetic acid and CO, had already started."® This might be a
case since for malonic acid individually, one peak at around
1.65 min was observed, and in the UV-HPLC chromatograms
of primary and heated at 80 °C ChCl:malonic acid DES, one
peak at around 1.65 min and another one at around 1.70 min
were observed. It suggests that indeed the degradation of this
DES had already started during preparation. These results are
not in agreement with those reported by Delgado-Mellado et
al., where the TGA analysis indicated that ChCl:malonic acid
decomposition due to degradation of malonic acid into acetic
acid started at 100 °C.”> Nevertheless, the decomposition
process at higher temperatures is further promoted as for the
DES heated in a closed vial at 100 °C for 2 h, the presence of
CO, bubbles was seen during the process. Moreover, the
formation of acetic acid was evident after opening the vial due
to the typical smell of this acid. It was assumed that the DES
after heating at 100 and 120 °C for 2 h was totally decomposed
because it did not maintain its liquid state. Regardless of
differences in initial degradation temperature for ChCl:malonic
acid DES, it is worth to mention that it is significantly lower
than the temperature at which the decomposition of malonic
acid into acetic acid occurs (T of 135 °C).”**” In general, in
previous studies where dynamic TGA analysis was performed,
it was shown that DES comprising ChCl and malonic acid
decomposed in the temperature range between 113.1 and
128.3 °C.>*~*” However, as shown in this study and as it is well
known, the T, may lead to an overestimation of the upper
temperature stability limit** " and ChCl:malonic acid DES

degrades at significantly lower temperature than the onset
temperature when heated during longer period of time.

In the light of the above-described results, it can be deduced
that ChCl:malonic acid DES is the least stable of all the studied
solvents in this work. It is mainly due to the thermal
degradation of malonic acid. ChCl:malonic acid is followed by
ChCl:glucose DES, which was more stable; however, it started
to decompose at 100 °C as a consequence of caramelization
reaction. On the other hand, the most stable DES was
ChCl:urea, which is mainly related to the high thermal stability
and low volatility of urea.

Study on the Formation of Volatile Compounds
during the Long-Term Heating. Headspace analysis
technique coupled with gas chromatography—mass spectrom-
etry is a suitable method for detailed characterization of
volatile compounds released during thermal heating of
chemicals.”” The studies of volatile compounds by headspace
with gas chromatography—mass spectrometry (HS-GC-MS)
revealed some differences in volatile compound emission
profiles of DES samples heated at different temperatures. The
results of analysis are shown in Table 1. The presence of

Table 1. Volatile Compounds Identified by the HS-GC-MS
Method

peak area [arbitrary units, AU]

temperature
compound 80 °C 100 °C 120 °C
DES: ChCl:urea
hydroxyurea 5,207,389 5,463,938 4,195,988
methylene chloride 8029 27,719 10,044
hexanal 55,972 85,978 87,782
ammonium carbamate not detected  not detected 11,061,080

not detected  not detected 59,869
DES: ChCl:glucose

methylamine

ethylene glycol 4,729,274 4,237,650 7,187,792
methylene chloride 7681 196,011 18,487
hexanal 62,651 49,735 102,838
butyl diglycol not detected 1,713,888 not detected

not detected  not detected 123,810
not detected not detected 3,498,628
not detected  not detected 15,619

DES: ChCl:malonic Acid

chloromethane
ethyl aldehyde
S-hydroxymethylfurfural

acetic acid 1,455,931 6,200,204 9,769,011
methyl acetate 119,409 325,016 4,211,594
dimethylamine 50,113,550 68,068,579 64,529,062
chloromethane not detected 227,179 8,975,212
acetone not detected 9323 45,204

cyanoacetic acid not detected  not detected 87,467

different volatile compounds confirms changes in the structure
of DESs and their decomposition process that occurs during
the long-term heating in the applied temperature range.

One more time, it was observed that ChCl:urea DES is the
most thermally stable solvent used in this work. As it can be
seen in Table 1, DES samples heated at 80 and 100 °C
revealed the presence of three volatile compounds—hydrox-
yurea, hexanal, and methylene chloride. Especially, the
presence of methylene chloride is surprising because it shows
that at 80 °C, some reaction between Cl~ and the methyl
group took place, suggesting that the decomposition of ChCl
has already started. Furthermore, it was noticed that the total
area under the individual chromatographic peak of hydroxyur-
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ea increased with increasing temperature from 80 to 100 °C.
On the other hand, for ChCl:urea DES heated at 120 °C for 2
h, besides hydroxyurea, hexanal, and methylene chloride, two
more possible volatile compounds were characterized, namely,
ammonium carbamate and methylamine. The presented results
correspond with the observations made by HPLC-UV analysis,
where an additional peak for the DES sample heated at 120 °C
was seen. In view of these results, it can be concluded that for
ChCl:urea DES, the process of thermal decomposition during
long-term heating progresses with increasing temperature and
is more advanced at 120 °C. Thermal decomposition is mainly
a consequence of degradation and volatilization of HBD—
urea.

In the case of ChCl:glucose DES, the sample heated at 80
°C revealed the presence of three volatile compounds, namely,
ethylene glycol, hexanal, and methylene chloride. On the other
hand, the studies for the samples heated at higher temper-
atures, for example, 100 and 120 °C, showed that with higher
temperatures, the process of volatilization was more advanced
because besides ethylene glycol, hexanal, and methylene
chloride, additional volatile compounds were characterized
(see Table 1, please). For DES heated at 100 °C, four
compounds in total were detected including ethylene glycol,
hexanal, ethylene chloride, and butyl diglycol. Moreover, for
ChCl:glucose DES heated at 120 °C, additional compounds
were detected. Besides the previously characterized ethylene
glycol and methylene chloride, the presence of ethyl aldehyde,
S-HMF, and chloromethane was observed. The appearance of
peaks that correspond to ethyl aldehyde and S-HMF confirms
the thermal degradation of glucose under such conditions
because aldehydes and furfurals are one of the main products
of this process.”> What is more, the degradation of ChCl was
further observed as chloromethane was detected along with
methylene chloride. In general, it can be concluded that the
detected volatile degradation products could be divided into
two types of compounds. The first type are compounds
emitted during thermal degradation of HBD (glucose), which
are formed during Maillard reaction or caramelization. They
include ethylene glycol, butyl diglycol, ethyl aldehyde, and $-
HMF. Finally, the second type are compounds emitted during
the degradation of HBA (ChCl), and they include methylene
chloride and chloromethane.

By performing the analysis for ChCl:malonic acid DES
samples heated at 80 °C, the following volatile compounds
were identified: dimethylamine, methyl acetate and acetic acid.
The presence of methyl acetate confirms the observations
made in the work of Rodriguez et al, where the authors
showed that for ChCl:carboxylic acid DESs, the esterification
reaction takes place and that it starts already during DES
preparation.'> Furthermore, as also expected, the peak of acetic
acid was identified. As discussed earlier, acetic acid is emitted
during thermal degradation of malonic acid to acetic acid and
CO,. These results collaborate with observations made in the
work of Rodriguez et al.'* and may also explain the presence of
a peak at around 1.70 min in HPLC-UV chromatograms (see
Figure S1 in Supporting Information). The last of the
identified volatile compounds—dimethylamine—suggests
that at 80 °C, the degradation of ChCI had already started.
It can be a consequence of esterification reaction between the
hydroxyl group of ChCl and malonic acid, making ChCl more
prone to thermal degradation. For the DES samples heated at
100 and 120 °C, two more additional volatile compounds were
identified, and they were acetone and chloromethane.

Furthermore, for the DES sample heated at 120 °C, the
presence of cyanoacetic acid was detected. It suggests that the
process of degradation and volatilization of both ChCl and
malonic acid was more advanced at these temperatures. It was
further noticed that concentration of volatile compounds in the
gas phase increased with increasing temperature during the
process of thermal degradation as reflected by the total area of
individual chromatographic peaks from HS-GC-MS analysis.
All of this confirms that esterification and degradation of
malonic acid and ChCl progresses with increasing temperature
and leads to complete degradation of DES, which is reflected
by loss the liquid nature of the samples heated at 100 and 120
°C.

Herein, we showed that in order to obtain a DES that will be
stable in the wide range of temperatures, it is essential to select
DES starting materials with low volatility and high stability, as
it was in the case of ChCl and urea. Moreover, it seems that if
one of the starting materials exhibits lower thermal stability
(e.g, glucose and malonic acid used in this study), it has a
great effect also on the emission of volatile compounds derived
from the more stable DES component, ChCl in this case.
These results further confirm the previous studies, in which it
was reported that DESs undergo volatilization at high
temperature and/or vacuum pressure.”® The formation of
volatile compounds was a consequence of volatilization of
HBAs and HBDs after the decomposition of DESs’ cations and
anions via the weakening of H-bonding interaction.”® Never-
theless, the mechanism of volatilization of DESs was not
clear.”® Moreover, there are also examples of DESs that
volatilize at ambient temperature and pressure.”’ It is an
important conclusion since it further affects the applicability of
these solvents and can cause environmental concerns.

Toxicity of Primary and Heated DESs. Since it is very
often assumed that DESs are low toxic, making it one of the
major advantages of DESs over other solvents, in this work we
assessed whether the studied ChCl-based DESs can indeed be
considered as biocompatible and safe. For this, the toxicity of
three different DESs, their individual components, and DESs
that underwent long-term heating was determined through the
viability of cells after contact with aqueous solutions of
primary, heated DESs, HBA, and HBDs at different
concentrations. Three different bacterial strains were used: S.
aureus ATCC 25923 (Gram-positive), E. coli ATCC 25922
(Gram-negative), and P. aeruginosa ATCC 27853 (Gram-
negative). They were chosen due their previous use in
antimicrobial studies’” and the fact that many other strains
belonging to the E. coli, S. aureus, and P. aeruginosa genus were
previously used as representative models of Gram-positive and
Gram-negative species for assaying antimicrobial activity of
many types of DESs and compounds used as HBAs and HBDs
in their preparation.

Disk Diffusion Test. The toxicity of the compounds after
contact with the bacteria was primarily determined using disk
diffusion assay. In this assay, a sterile filter paper disk is
impregnated with the compound to be tested and then placed
on the surface of the agar plate, where tested microorganisms
have been previously swabbed uniformly. After that, the plate is
left to grow the tested microorganisms under optimal
conditions and to allow the compound to diffuse from the
disk into the agar. If the tested compound stops the
microorganism growth, there will be an inhibition zone around
the disk, where no colonies have grown. The advantage of such
an approach in the case of DESs is the fact that here pure
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Figure 3. Effect of different DES samples on growth of Pseudomonas aeruginosa as determined using disk diffusion assay. (A) ChCl:urea; (A,)
ChCl:urea, 80 °C; (A,) ChCl:urea, 100 °C; (A;) ChCl:urea, 80 °C; (B) ChCl:glucose; (B;) ChCl:glucose, 80 °C; (B,) ChCl:glucose, 100 °C; (B,)
ChCl:glucose, 120 °C; (C) ChCl:malonic acid; and (C;) ChCl:malonic acid, 80 °C.

Table 2. Inhibition Zone Measurements (Diameter (mm)) for the Various Primary and Heated DESs”

E. coli ATCC 25922

P. aeruginosa ATCC 27853

S. aureus ATCC 25923

DES primary 80 °C 100 °C 120 °C  primary
ChCl:glucose (1:1) NI NI NI NI
ChCl:malonic acid (1:1) 13 13 NT NT
ChClzurea (1:2) NI NI NI NI

80 °C 100 °C 120 °C  primary 80 °C 100 °C 120 °C
NI NI NI NI NI NI NI
15 NT NT 13 10 NT NT
NI NI NI NI NI NI NI

“Results are presented for each bacterial strain tested. NI—no inhibition and NT—Not tested because of thermal degradation at 100 and 120 °C.

The presented values are average results from two experimental replicates.

solvents can be directly applied on the disks, thus avoiding the
risk of breaking of the hydrogen bonds that occurs in aqueous
solutions. It is of great importance to qualitatively assess the
antimicrobial activity of the prepared DESs and those after
long-term heating, especially envisioning their application in
sectors where the biocompatibility and safety is required. The
obtained results for P. aeruginosa against all tested samples are
presented in Figure 3 and the results for E. coli and S. aureus
are shown in Figures S4—SS in Supporting Information. The
inhibition zone diameters are reported in Table 2. As
summarized in Table 2, ChCl:urea and ChCl:glucose DESs
did not inhibit bacterial growth, while the organic acid-based
ChCl:malonic acid DES had an inhibitory effect, indicating its
potential application as an antibacterial agent.

In the case of ChCl:urea DES, no visible changes in growth
of all three bacterial strains were observed for primary DES and
the DES samples heated at 80, 100, and 120 °C for 2 h. This is
in accordance with the thermal stability studies, which also
showed no significant changes in the HPLC-UV chromato-
grams. Furthermore, our results collaborate with previous
toxicological studies for this DES, in which disk diffusion tests
revealed that ChCl:urea DES did not exhibit toxic effects on
various microbes including Gram-positive bacteria (Arthro-
bacter simplex TCCC 11037,°" S, aureus,°>~%* Listeria
monocytogenes,”> and Bacillus subtilis®*), Gram-negative bac-
teria (E. coli,”>™* Salmonella enteritidis,** Salmonella typhimu-
rium 3064,°* Proteus mirabilis 3008,°* and P. aeruginosa
3024°>%"), and fungi (Phanerochaete chrysosporium,65 Aspergil-
lus niger,®® Lentinus tigrinus,”® and Candida albicans 86°"). On
the other hand, relative toxic effects on the tested genus of
Candida cylindracea were also observed for ChCl:urea DES,
suggesting that antimicrobial properties seem to be species-
dependent.”®

Also, ChCl:glucose DES was reported as a non-toxic solvent
toward Gram-positive, Gram-negative bacteria, and
fungi.’”***® This behavior was mainly ascribed to the fact
that glucose as sugar was digested by bacteria due to their
simple absorption and facilitated diffusion as a carbon source.
Moreover, due to catabolic repression mechanisms, glucose is

generally recognized as the most preferred source of carbon for
growth of bacteria or fungi, whose presence in the growth
medium usually ensures high efficiency of biomass production.
Looking closely at the obtained results, it can be observed that
the “growth intensity” of E. coli and S. aureus appears to be
more intense around the discs soaked with primary and heated
ChCl:glucose DESs. Moreover, it seems that the smaller
increase in “growth intensity” was for the DES sample heated
at 120 °C. As discussed earlier, the HPLC analysis revealed the
thermal degradation of glucose as a possible consequence of
caramelization. Thus, it can be expected that the concentration
of glucose for this sample was diminished compared to that for
primary DES and DES heated at 80 and 100 °C. Furthermore,
the changes in the viscosity of the DES after heating cannot be
discarded. During the heating process, the water removal takes
place and an increase in the viscosity of the samples can be
expected. Such highly viscous samples do not diffuse into agar
so easily, further explaining the obtained results. In the case of
P. aeruginosa bacteria, a similar behavior was observed;
however, the zone of increased growth was not uniformly
present and formed a ring at some distance from the edge of
the disc soaked with primary DES and DES samples heated at
80, 100, and 120 °C for 2 h.

On the other hand, the carboxylic acid-based DES
(ChCl:malonic acid) displayed an inhibitory effect on growth
of each of the three tested bacterial strains, which is mainly the
result of the pH change to the values far below from the
optimal pH for bacterial growth (pH = 6.5—7.5).°" It was
previously reported that DESs composed of acidic HBDs have
toxic effects toward microorganisms due to inactivation of cells
by denaturing of proteins located on the cell wall, resulting in
cell collapse and death.*” For the Gram-negative strains tested
(E. coli and P. aeruginosa), both primary DES and the DES
after heating at 80 °C for 2 h had similar inhibitory effects and
no major differences in diameter of inhibition zones were
found (see Table 2). However, there were differences in the
antibacterial activity, and ChCl:malonic acid DES was more
toxic to P. aeruginosa than E. coli even though both strains are
Gram-negative. This observation indicates that this DES’s
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toxicity may be species-dependent. Furthermore, the following
order of increasing antibacterial activity of this DES against
tested bacteria can be deduced: S. aureus < E. coli < P.
aeruginosa. Surprisingly, the growth of the Gram-positive strain
(S. aureus) was the least affected by primary and heated DESs.
Moreover, there was a clear difference in the size of inhibition
zones for primary and heated DES for S. aureus, and the DES
heated at 80 °C inhibited the growth of this strain to a smaller
extent. These observations are in contrast to what have been
reported because usually lower toxicity toward Gram-negative
strains was observed as a consequence of the presence of
lipopolysaccharides (LPSs) on the outer membrane that
prevented the DESs from penetrating into the bacterial cell
envelopes.”*®” On the other hand, the higher toxicity toward
Gram-positive strains was explained by the lack of the outer
cell membrane with LPSs, so the DESs could pass through the
inner membrane more easily and exert the toxic effect.””*” In
general, such different antibacterial activity of ChCl:malonic
acid DES that underwent heating at 80 °C for 2 h against S.
aureus may be related with the mentioned differences in the
cell wall composition of Gram-negative and -positive bacteria.
Based on the chromatographic analysis (see HILIC Study in
the DES Stability section), we hypothesize that the lower
toxicity of the heated DES can be related with the
decomposition of malonic acid into acetic acid. Even though,
for the samples heated at 80 °C, no changes in chromatograms
were observed, it is still possible that the process of thermal
decomposition of malonic acid into acetic acid and CO, had
already started. Therefore, the lower toxicity of the heated DES
may be due to the fact that acetic acid is a weaker acid than
malonic acid. Furthermore, the ester formation may also have
an impact on overall antibacterial properties of heated
ChCl:malonic acid DES. Since the Gram-negative bacteria
have a formidable barrier, which restricts the attack of DESs
from penetrating into the bacterial cell envelopes, the small
changes in composition of the DESs after heating did not affect
the toxicity. On the other hand, for Gram-positive S. aureus
due to lack of such a barrier and easier penetration, the
formation of less-toxic compounds resulted in lower toxicity of
the heated DES sample. Overall, our results collaborate with
previous studies, where the toxicity of ChCl:malonic acid DES
toward various microorganisms was demonstrated using disk
diffusion test. For instance, the antibacterial activity against S.
aureus, L. monocytogenes, E. coli, and S. enteritidis was reported
in the study of Zhao et al.”> Moreover, antifungal activity was
observed as this DES inhibited the growth of P. chrysosporium,
A. niger, L. tigrinus, and C. cylindracea.65

Broth Microdilution. Taking into account the fact that the
results from disk diffusion assay can be underestimated due to
high viscosity of the DES samples and thus lower diffusivity
onto agar, the antibacterial properties of primary DESs, DESs
heated at 80, 100, and 120 °C, and also ChCl:malonic acid
DES staring materials (the only DES that showed growth
inhibition in disk diffusion test) were further evaluated using
the microdilution method to determine MIC of the assayed
DESs and selected starting materials of ChCl:malonic acid.
Table 3 summarizes the MIC values against the Gram-negative
bacterial strains E. coli ATCC 25922 and P. aeruginosa ATCC
27853 and the Gram-positive bacterial strain S. aureus ATCC
25923. The MIC values are given as a measure of volume of
the testing sample per final assay volume (in [pL/mL]) that
correspond to an inhibitory effect. However, it should be noted
that although the negative effect of high viscosity of DESs can

Table 3. Determination of MIC for Tested Bacteria Against
HBA, Malonic Acid, Primary DESs, and DESs Heated at 80,
100, and 120 °C for 2 h (Final Concentration Range of
Solutions between 0.5 and 250.0 pL of Testing sample/
mL)“

MIC [uL of testing

target bacteria sample sample/mL]
E. coli ATCC 25922 ChCl:urea 250.0
ChCl:urea, 80 °C >250.0
ChCl:urea, 100 °C 250.0
ChCl:urea, 120 °C 250.0
ChCl:glucose 250.0
ChCl:glucose, 80 °C 250.0
ChCl:glucose, 100 °C 250.0
ChCl:glucose, 120 °C 250.0
ChCl:malonic acid 3.9
ChCl:malonic acid, 3.9
80 °C
ChCl >250.0
malonic acid 39
P. aeruginosa ATCC ChCl:urea 250.0
27853
ChCl:urea, 80 °C 250.0
ChCl:urea, 100 °C 125.0
ChCl:urea, 120 °C 125.0
ChCl:glucose 250.0
ChCl:glucose, 80 °C 250.0
ChCl:glucose, 100 °C 250.0
ChCl:glucose, 120 °C 250.0
ChCl:malonic acid 1.9
ChCl:malonic acid, 1.9
80 °C
ChCl >250.0
malonic acid 1.9
S. aureus ATCC 25923  ChCl:urea >250.0
ChCl:urea, 80 °C 250.0
ChCl:urea, 100 °C 250.0
ChCl:urea, 120 °C 250.0
ChCl:glucose >250.0
ChCl:glucose, 80 °C >250.0
ChCl:glucose, 100 °C 250.0
ChCl:glucose, 120 °C 250.0
ChCl:malonic acid 7.8
ChCl:malonic acid, 7.8
80 °C
ChCl >250.0
malonic acid 7.8

“In the determination of MIC values, two replicates of each tested
concentration were performed.

be reduced using the microdilution method, at the dilutions
used in this work, there is a possibility that the vast network of
intermolecular interactions could be weakened or totally
broken as it was previously observed for DES aqueous
solutions.””~7?

As it can be seen in Table 3, for ChCl:urea DES, both of the
tested Gram-negative bacterial strains (E. coli and P.
aeruginosa) inhibited the bacterial growth at 250.0 yL/mL,
the highest concentration tested. On the other hand, the
growth of Gram-positive S. aureus was not inhibited under the
conditions of the assay (presented in Table 3, MIC value above
250.0 uL/mL). For the DES sample heated at 80 °C for 2 h,
no changes in MIC values were observed for P. aeruginosa
while lower toxicity was obtained for E. coli as the DES after
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heating did not inhibit the bacterial growth at all tested
concentrations. Opposite was observed for S. aureus, and an
increase in the antibacterial properties of DES was seen with
MIC value of 250.0 4L/mL. With higher temperatures applied
to this DES (e.g., 100 and 120 °C), there was an increase in
toxicity toward P. aeruginosa with an MIC value of 125.0 uL/
mL. The MIC values for ChCliurea DES also revealed its
increased toxicity for the other Gram-negative strain tested—
E. coli, while no changes were seen for Gram-positive S. aureus
as the growth was inhibited at 250.0 uL/mL. In general, these
observations are in line with the HPLC and HS-GC-MS
analysis, where there was no evidence of formation of
significant amounts of degradation byproducts or volatile
compounds. Nevertheless, it must be noted that contrary to
disk diffusion test, microdilution assay revealed that primary or
heated DES exert toxic effects on tested bacteria. Since ChCl is
non-toxic and approved by the European Food Safety
Authority”* and was confirmed non-hazardous to the tested
bacteria in this work (see Table 3), we hypothesize that some
toxicity of primary and heated DES is mainly related with the
toxic effect of urea, a well-known denaturing osmolyte. Our
results corroborate with those of another study in which the
broth dilution method was used to assay ChCl:urea DES
toxicity. For instance, it was reported that ChCl:urea DES
exhibited some antimicrobial properties toward bacteria and
fungi.’””>”° Negative impact of this DES was observed in the
studies of Wen et al. and Mao et al., where relative toxic effects
on the tested genus of E. coli DHSa (MIC of 295.9 mM)”° and
A. simplex TCCC 11037 (membrane integrity decreased to
39%)° were reported. The same was valid in the case of A.
niger filamentous fungi (not toxic as assayed by disk diffusion),
and antifungal activity with a MIC value of 138.5 mg/mL was
shown in broth dilution studies.”

The microdilution assay for ChCl:glucose primary DES
revealed that this DES inhibited the growth of Gram-negative
bacteria (E. coli and P. aeruginosa) at 250.0 uL/mL, the highest
concentration tested. On the other hand, Gram-positive S.
aureus was found to be more resistant, and its growth was not
inhibited at all the tested concentrations. Furthermore, no
changes in MIC values were observed for all DES samples
heated at 80, 100, and 120 °C reported for Gram-negative
bacterial strains used. The same was observed for the S. aureus
strain for the DES heated at 80 °C, and the MIC above 250.0
uL/mL was obtained. However, for this strain, with increased
temperature being applied to the DES (e.g., 100 and 120 °C),
an increase in the antimicrobial activity was seen. The growth
of S. aureus was inhibited at 250.0 #L/mL for the DES samples
heated at 100 and 120 °C. This increase in the toxicity toward
S. aureus may be related with increased viscosity of the samples
heated at higher temperatures and with the formation of
products of caramelization, as it was discussed earlier. As it was
previously shown, an increase in the viscosity of DES®>”
results in a decrease in the cell viability due to the extensive
influence of this property on the intracellular activities.
Nevertheless, since the primary or heated DES was able to
inhibit bacterial growth only at the highest concentration used
in the assay, it can be concluded that it is a highly
biocompatible solvent at concentrations up to 250.0 uL/mL.
Overall, such high biocompatibility of this DES could be
expected since both ChCI and glucose are considered non-
toxic and can be used by microbes as sources of nitrogen and
carbon, respectively.

Contrary to the studied DESs prepared with urea and
glucose, the solvent in which carboxylic acid—malonic acid
was used as the HBD was found highly toxic to all bacterial
strains used in the assay. For the DES that was not heated after
preparation, the MIC values of 1.9, 3.9, and 7.8 uL/mL were
obtained for P. aeruginosa, E. coli, and S. aureus, respectively.
One more time, Gram-positive S. aureus was found more
resistant to the DES than both Gram-negative bacteria tested.
For all target bacterial strains, the observed MIC values for the
DES that underwent heating at 80 °C were the same as for
non-heated DES. Interestingly, it is not in agreement with the
results obtained in disk diffusion test, where in general the
zones of inhibition were smaller for the heated DES. However,
such differences between results of disk diffusion test and MIC
assay were previously reported for toxicity studies of other
DESs.*® Hence, this result seems to support our assumption
that DES toxicity testing cannot be limited to the use of only
one of the widely recognized methods for testing the
antibacterial properties of natural and synthetic chemical
compounds.” Nevertheless, looking more closely at the data
from absorbance measurements collected for each well of the
96-well plate during MIC assay (data not shown), it can be
indeed seen that more bacterial cells survived at the MIC value
when comparing primary and heated DES samples. Fur-
thermore, from Table 3, it can be observed that the same
concentrations of malonic acid individually and DES were
needed to inhibit the bacterial growth. It suggests that
antibacterial properties of this DES are an effect of toxicity
of malonic acid. In general, the high toxicity of ChCl:malonic
acid DES may be also attributed to pH changes toward a more
acidic value since the optimal pH for bacterial cell growth is
around pH 6.5—7.5.°” Hence, the tested cells became less
viable in aqueous solutions of DES (pH of 2.10 at 10 mM
aqueous solution®’) and malonic acid (pH of 2.50 at 10 mM
aqueous solution), when compared to the control cells under
optimal pH conditions. The results obtained in our work
correspond to those previously published in the studies in
which ChCl:malonic acid DES antimicrobial properties were
quantitatively evaluated. For instance, complete growth
inhibition of Bacillus cereus EMB20 at 0.5 mg/mL was
observed in the work of Sadaf and co-workers.”® The high
toxic effect on the tested genus of E. coli (MIC of 18 mM), L.
monocytogenes (MIC of 24 mM), S. aureus (MIC of 16 mM),
and S. enteritidis (MIC of 20 mM) was also reported.”®

B CONCLUSIONS

In this work, the long-term thermal stability of three choline
chloride-based DESs has been studied. Urea, glucose, and
malonic acid have been used as HBDs. The thermal stability of
DESs after heating was analyzed using HPLC and HS-GC-MS.
It was shown that the temperatures needed to induce DES
decomposition are much lower than those reported in the
literature and obtained using dynamic TGA. This is a very
important observation as for some DESs even during DES
preparation using the heating method, some changes in
composition take place. It partially explains why for many
DESs, reported values of physiochemical properties differ
between the studies. Furthermore, such composition changes
can affect studies focused on evaluation of bioactive properties
of DESs and composition of extracts obtained by DESs as
extractive medium, leading to false conclusions of many
important studies. Materials synthesized in the DES environ-
ment contain pollutants that can change their physiochemical
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properties and affect their further applications. In general, it
was observed that the long-term thermal stability was mainly
related with the thermal stability of DES starting materials.
Consequently, ChCl:malonic acid DES was found to be the
least stable of all solvents studied in this work due to
esterification and decomposition of malonic acid to acetic acid
and CO,. ChCl:glucose DES was more thermally stable than
ChCl:malonic acid and underwent decomposition most
probably due to caramelization reaction at temperatures of
100 and 120 °C, respectively. Moreover, ChCl:urea DES
showed high long-term thermal stability, which is mainly
related to the high thermal stability and low volatility of urea in
comparison to another HBDs used in this study.

The HC-GC-MS analysis of volatile compounds emitted
during the heating process revealed that in order to obtain a
DES that will be stable in a wide range of temperatures during
long time of exposition and will not undergo volatilization, it is
essential to carefully choose the DES starting materials. It was
shown that the DES composed of ChCl and urea has low
volatility. On the other hand, for less thermally stable glucose-
and malonic acid-based DESs, higher emission of volatile
compounds was observed and further some volatile com-
pounds derived from HBA—ChCl—were characterized.

Furthermore, the toxicity of primary and heated ChCl-based
DESs in three bacterial strains (E. coli, P. aeruginosa, and S.
aureus) was evaluated qualitatively and quantitatively, and it
can be concluded that both ChCl:urea and ChCl:glucose seem
to be of a low toxicity and thus may be referred to as “green
solvents”.”” The heating of these DESs did not greatly affect
their toxicity. On the other hand, ChCl:malonic DES was
hazardous to the bacterial strains used; however, creation of a
new supramolecular structure by combining malonic acid with
ChCl slightly reduced antibacterial activity of the HBD.
Moreover, the heating of this DES at 80 °C resulted in
decreased toxicity.

The results presented in this work highlight the need to
study the long-term thermal stability of DESs as it allows to
obtain the real range of the temperatures, which allows
industrial application of these solvents. It was shown that
ChCl:urea DES and ChCl:glucose DES besides their good
thermal stability are less toxic to the tested bacteria, and thus, it
seems to allow their use in cosmetic, food, pharmacological,
biotechnological, and biomedical industries. The applicability
in these sectors of ChCl:malonic DES is rather not
recommended as this DES was thermally unstable and highly
toxic to tested microorganisms.
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