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refuting the hypothesis that natural deep eutectic solvents
(NaDES) may be the third liquid phase in plant cells. The
potential roles of NaDES in natural environments (cells) was
mostly discussed according to the phenomena that should
not naturally occur if these solvents would not exist in plant
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This review examines the possible functional roles of liquid natural deep eutectic solvents (NaDES) in plants.
Their cellular localization with biomolecular cell metabolites, a high chemical compound solubilizing capacity
and a catalytic enzymatic activity indicate that they might form compartments, in which molecules with low
water solubility are stored and/or converted. These environmental traits also make them an ideal reaction
medium for interactions between molecules with opposite dissolution equilibria. By retaining water, stabilizing
molecular structures, and yielding kinetics-determined product selectivity, they may prevent the degradation
of active bonds, as in enzymes, under the conditions of high or low energy heat, drought and growth-inhibit-
ing biomass production. Finally, the potential of NaDES has also been explored in a laboratory setting. Their
ability to stabilize, catalyze and the overall substance toxicity makes NaDES an excellent candidate for (green)

rsc.li/greenchem

Introduction

When NMR-based metabolomics were used to look at some of
the major compounds present in cells, they showed that
certain simple compounds like sugars, amino acids, choline
and organic acids, are always present in cells in high amounts.
Although sugars are a source of energy and their presence in
high amounts is easily explained, other compounds do not
have such a clear role in the cell metabolism. Thus, Choi
et al.” developed a novel theory about the role of these com-
pounds in the biochemistry of living cells by hypothesizing
that these cell metabolites may form a third liquid phase in
cells, next to water and lipids. Their theory was based on the
ability of greener solvents like ionic liquids (ILs) and deep
eutectic solvents (DESs) to improve chemical and enzymatic
reactions as well as enhance the extraction and dissolution of
natural products. Even though these solvents share several pro-
perties, ILs and DES are still quite different solvents, starting
with the fact that an IL is a single compound and a DES is a
mixture of compounds. Typically, DESs are defined as a
mixture of two or more pure compounds (usually in solid
form), namely a hydrogen bond donor (HBD) and a hydrogen
bond acceptor (HBA) that, upon mixing at specific molar
ratios, establish hydrogen bonds and melt at lower tempera-
tures, thus displaying a eutectic point temperature that is far
below that of an ideal liquid mixture.>* Yet, the correct defi-
nition of a DES is that this is a eutectic mixture of Lewis or
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extraction, biocatalysis and cryopreservation, considering poorly soluble/thermally unstable intermediates.

Bronsted acids and bases, in which it is not only required the
presence of a hydrogen bond between a donor and an acceptor
but there also must be a small difference in acidity between
the HBD and the HBA.>” Choi et al.” looked at some of these
compounds and discovered more than 30 combinations in
various molar ratios, that formed viscous liquids. Since these
compounds were all of natural origin, they gave them a
common term: natural deep eutectic solvents (NaDES).

A good example of NaDES in nature are plant saps. The
composition of maple (Acer spp.) syrup is mostly sucrose (Suc)
with minor amounts of other sugars such as glucose (Glc) and
malic acid (MalA). These compounds on their own have a
melting point above 130 °C and are thus solid at room temp-
erature, however, when mixed together, they form a viscous
liquid. Another example of NaDES in nature is plant nectar,
which is mostly composed of sugars and remains liquid even
after freeze drying.” This confirms the presence of NaDES mix-
tures in plants, but are they also present inside the cells and
what is their role there? If NaDES are indeed the third liquid
phase inside living cells, they may explain (i) how reactions
between water-soluble and water-insoluble molecules take
place, (ii) where molecules with low water solubility are stored
at high concentrations and (iii) how certain organisms can
survive in extreme environments. In order to answer these
questions and further understand the underlying mechanisms
of NaDES in nature, it is required to firstly understand them at
the molecular level and in the laboratory.

As mentioned before, NaDES are mixtures of an HBA and
an HBD that are generally cheap, easily available and non-toxic
compounds with high solvability potential.®™" As such, they
represent good candidates for a new generation of green sol-
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vents with a wide range of interesting applications in the lab-
oratory. This is due to their advantageous properties such as
low volatility, high thermal and chemical stability, wide
polarity range and adjustable viscosity. Several remain in a
liquid state even at temperatures below 0 °C and possess a
high degree of solubilization strength for a variety of different
compounds. Furthermore, their numerous structural possibili-
ties and the potential for adjustment and modeling of their
physio-chemical properties make them ideal “designer sol-
vents”. Some, if not most, NaDES compounds are high-purity
components that are also safe for human consumption, hence
making them good candidates for direct use in cosmetic,
pharmaceutical and food applications without the need for
their removal from the final product and/formulation.>*>™**
Consequently, this contributes to a preparation process that is
waste-free.™

Among the different applications, (Na)DES have been exten-
sively researched and reviewed,'®>* especially considering
their exceptional aptitude in downstream processes**™>’” and
biomass processing.>®**> However, their role in living cells is
still not entirely clear. Thus, in this review, we explore the
potential roles of NaDES in natural environments (cells) by
compiling the studies discussing phenomena that should not
naturally occur if these solvents would not exist in plant cells.
Herein, some laboratory studies are crucial to understand
these phenomena. Additionally, we also briefly discuss the
potential of NaDES in the laboratory as reaction media, extrac-
tion solvents and cryopreservation agents.

Localization and compound solubility
— why NaDES are believed to be the
third liquid phase in plants

NaDES are mixtures of sugars, organic acids, amino acids,
choline salts and polyols, all of which can be found in living
cells. However, their location and function are still unclear.
Some clues have been provided by studies on the synthesis
and localization of anthocyanins in cells. It was discovered
that the levels of anthocyanins in cells can exceed their solubi-
lity in water,*® thus, anthocyanoplasts and anthocyanic vacuo-
lar inclusions might be composed of NaDES. Additionally,
these molecules are thought to be synthesized outside of the
endoplasmic reticulum,** which would fit the model suggested
by Choi et al.”® that envisions NaDES being part of different
organelles as well as attached to protein aggregates and cell
membranes. It was also observed that in order to preserve lipo-
somes upon dehydration and subsequent rehydration, sugar
molecules were required on both sides of the membrane.*
Therefore, it was suggested that a dynamic NaDES layer could
form around the membrane as a result of the interaction
between the choline part of the membrane lipids and other
NaDES components (acids, sugars...).> Antioxidants like antho-
cyanins, glutathione, ascorbic acid and flavonoids can protect
the membranes from oxidative damage by being present in
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high concentrations, dissolved in the membrane-associated
NaDES. Georgieva et al.>® reported that a dense substance of
unknown composition was formed in the thylakoid lumen of
resurrection plant Haberlea rhodopensis chloroplasts upon de-
hydration. Previous studies assigned this substance a phenolic
character.?” Thus, this substance may very well be the mem-
brane-associated NaDES layer with dissolved flavonoids and/or
anthocyanins that has the purpose of protecting the thylakoid
membrane from oxidative damage.

It is presumed that NaDES form a structure resembling
liquid crystals in which the molecules are bound together
through hydrogen bonds and other intermolecular inter-
actions.® In certain NaDES mixtures, water can be present as
part of the solvent. Since this water is strongly bound to the
liquid, it cannot be easily evaporated.” The solubilizing effect
that NaDES have on certain compounds is most likely due to
the formation of H-bonds between NaDES components and
the dissolved compound (Fig. 1). As the main intrinsic charac-
teristic of NaDES is their H-bond network, these solvents can
be fine-tuned to present a more or less extensive network,
which, in turn, allows not only a better solubility of a wide
range of compounds but also promotes different arrangements
of the liquid crystals (steric effects).*® It was also implied that
NaDES can induce some conformational changes in phenolic
compounds dissolved in them, as it has been reported for cur-
cumin®® and quercetin,*® resulting in higher stability of these
compounds. These conformational changes may be the result
of H-bond formation between the NaDES and the solute.*

The high solubilizing capacity of numerous NaDES has pre-
viously been shown for a variety of poorly water-soluble macro-
molecules, small molecules, and synthetic drugs (Table 1). Dai
et al.® prepared over one hundred different NaDES mixtures
and determined their viscosity, polarity, water activity, density
and thermal properties as well as the effect of adding water on
these physical properties. Afterwards, a few NaDES were
selected and used to test their solubilizing potential on a
range of compounds with poor or no water solubility. The
results showed that in most cases the selected NaDES exhibi-
ted a significantly higher solubilization (18-460 000 times) of
the selected natural molecules that are poorly soluble or in-
soluble in water, like rutin, quercetin, ginkgolide B and cin-
namic acid, compared to water. The best solubilizing potential
was measured for the mixture of 1,2-propanediol:choline
chloride (ChCl):water (1:1:1), most likely because this
NaDES was the least polar compared to others used.
Furthermore, the addition of water to Glu:ChCl:water DES
mixture had a significant effect on the solubility of rutin, quer-
cetin, cinnamic acid and carthamin and the amount of water
was dependent on the solute.

The high solubilizing potential of NaDES was also shown in
several studies. Paniwnyk et al’® discovered that flowers of
Sophora species contain high amounts of rutin. This flavonoid
is poorly soluble in water but represents up to 10-30% of dry
mass of the flower. This strongly suggests that rutin might
only be present in such high amounts in a water-rich environ-
ment due to the presence of NaDES in plants. Paclitaxel and

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Hydrogen bonds (---, green interactions) between NaDES' components and laccase amino acids. In the case of the hydrogen bond donors,
there is also the establishment of electrostatic interactions with some of the enzyme amino acids (---, orange interactions). This data was acquired

through simulation by molecular docking. Panels A-D show the docking pose with the lowest absolute value of affinity for laccase and the hydrogen
bond acceptors. Adapted from ref. 40 with permission from American Chemical Society, copyright 2019.

ginkgolide B, two compounds that do not dissolve in water,
also showed high solubility in Glc:ChCl-based NaDES.
Wikene et al.®® tested the solubility of curcumin and showed
that it was notably higher in selected NaDES compared to
water.”>** They also showed that, upon storage in airtight
tubes for one month, the solubility increased up to 29% (v/v)
in Glc:Suc and maleic acid (MaleA): ChCl NaDES. Morrison
et al.** tested different poorly water-soluble model compounds
in pure and diluted wurea:ChCl and malonic acid
(MaloA) : ChCl mixtures and determined that the solubility in
NaDES was up to 22 000-fold higher compared to water. They
also tested the same drugs in aqueous solutions of individual
NaDES components and the results showed a significantly
lower solubility than in the eutectic mixtures, proving that the
combination of the HBA and HBD is crucial for improving
solubility. Although these drugs were not of natural origin, the
results of these studies show that the high solubilizing poten-
tial of certain NaDES extends beyond only natural compounds.

The high solubilizing capacity of (Na)DES has many advan-
tages in extraction and separation processes. Poorly water-
soluble compounds can be extracted from plant biomass in
high concentrations and afterwards separated from the (Na)
DES by addition of water and subsequent compound precipi-
tation. Thus, (Na)DES, alone or in combination with other
methods, can be used to extract various compounds like
polyphenols,”’ ' pigments,>” enzymes>® and carbohydtrates.”®
Their high solubilizing capacity can be exploited to overcome
limited substrate solubility in enzymatic reactions®* as well as
for separation techniques.®>>® In recent years, companies
focused on natural ingredients have already turned their atten-
tion on using NaDES as extraction solvents for plant-based
active compounds. They exploit the phenomenon they termed

This journal is © The Royal Society of Chemistry 2023

“eutectigenesis” which mimics the intracellular environment.
The cosmetic products produced in this way were shown to
have a wider range and amount of phytochemicals as well as
higher biological activities compared to conventional
extracts.>”%®

Drought tolerance

Water is essential for cellular organization. If the cell is com-
pletely deprived of water, this organization is lost and cell
death can occur. However, some organisms still manage to
survive periods of severe water loss. Anhydrobiosis or “life
without water” is the ability of some organisms to survive
under almost complete or total water loss (dehydration), and is
often used in nature to bridge periods of extreme conditions.
Many organisms can survive dehydration to different extents.
There are two types of dehydration tolerance: (1) drought toler-
ance, which is the tolerance to moderate dehydration where
the moisture content is below the point where there is no bulk
cytoplasmic water (~23% water in fresh weight or ~0.3 g H,O
per g of dry weight), and (2) desiccation tolerance, which refers
to further dehydration where the molecules gradually lose
their hydration shells. The mechanisms of drought tolerance
are based on stabilization of structures by preferential
hydration, and the mechanisms of desiccation by replacing
water with other molecules that are capable of H-bond for-
mation.” Desiccation tolerance is found throughout the plant
kingdom (ferns, mosses, pollen and seeds of higher plants) as
well as some other organisms such as fungi, protists, prokar-
yotes and animals such as crustaceans, nematodes and
tardigrades.>®

Green Chem., 2023, 25, 9045-9062 | 9047
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Table 1 Solubility of compounds (natural and synthetic) in various NaDES compared to water or aqueous buffer
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Compound Solubility in water Solubility in NaDES Ref.
Macromolecules
Salmon DNA 26.9%x 107 gmL™" 39.4x107° gmL™" MalA: Pro (1:1) 2
Starch — 17.2x107% g mL ™" Gle:ChCl(1:1) 2
0.034 g mL™ ¢ 1,2PD : ChCl : water (1:1:1) 8
0.095 g mL ¢ Glc: ChCl : water (2:5:5)
0.027 g mL ™ LacA: Glc: water (5:1:3)
DNA 0.25 g mL™** 2.58 g mL™'* LacA: Glc: water (5:1:3) 8
Gluten 0.0016 g mL™** 0.00083 g mL~'“ 1,2PD: ChCl: water (1:1:1) 8
0.0012 g mL™** Glc: ChCl : water (2:5:5)
0.043 g mL ™ LacA: Gle:water (5:1:3)
0.0033 g mL™** Xyl : ChCl: water (1:2:3)
Chitin — 102x 102 gg™ ChCl: LacA (1:2) 25
o 3.5 x 10_33g g‘jl”b Bet: LacA (1:2)
Lignin — 252x107°gg” 35% (w/w) Bet:Lys (1:1) 41
Small molecules
Ginkgolide B — 5.85x10% gmL™" Gle: ChCl(1:1) 2,8
0.53 g mL™'¢ 1,2PD : ChCl : water (1:1:1)
0.082 g mL ™4 Glc: ChCl : water (2:5:5)
0.041 g mL ™ LacA: Glc: water (5:1:3)
0.17 g mL™** Xyl : ChCl : water (1:2:3)
Quercetin 0.02x107° gmL™*¢ 1.63 gmL ¢ 1,2PD : ChCl : water (1:1:1) 8
133 gmL ™" Gle: ChCl:water (2:5:5)
0.042 g mL ¢ LacA: Glc : water (5:1:3)
2.43 g mL™ Xyl : ChCl : water (1:2: 3)
Cinnamic acid 0.0072 g mL ™4 1.78 g mL™'¢ 1,2PD : ChCl : water (1:1:1) 8
0.51 g mL™'¢ Gle: ChCl : water (2:5:5)
2.04 g mL™** LacA: Glc : water (5:1:3)
0.64 g mL™'* Xyl : ChCl : water (1:2:3)
Oleanic acid 0.017 x 10~ g mL™" 3.4x107° gmL™" ChCl: LevA (1:2) 27
1.02 x 10~ g mL ™" Acetamide : LacA (1:2)
Curcumin 0.0006 x 10~° g g7** 7.25-8.6 x 10> g g~*? ChCl: Glyc (1:1) 26
0.005 x 10~ g mL™* 21.21 x 10 g mL™* ChCl: LevA (1:2) 27
0.88x10 gmL™" Acetamide : LacA (1:2)
0.011 x 10~ g mL™" 0.0051x 107> g mL™" Suc:Fru:Gle (1:1:1) 38, 42, 43
0.0065 x 107> g mL™* CitA:Suc (1:1)
0.0521x10* gmL™" Gle:Suc (1:1)
0.017 x 107° g mL™* Glc:Fru (1:1)
o \ ) 0.0667 x 19‘3 g m{f' MaleA : ChCl (1:3)
Benzoic acid 3.0x107" g mL™ 35.0x107° g mL™ MaloA: ChCl (2:1) 44
18.0x 107 g mL™" 75% (w/w) MaloA : ChCl (2: 1)
11.0 x 107 g mL™* 50 wt% MaloA : ChCl (2: 1)
229.0 x 107> g mL™* Urea:ChCl (2:1)
23x107° gmL™" 75% (w/w) urea : ChCl (2: 1)
14x 107 gmL™" 50% (w/w) urea : ChCl (2 : 1)
Rutin 0.00055 g mL™* 1.48 gmL ¢ 1,2PD : ChCl : water (1:1:1) 8
1.52 g mL™** Glc: ChCl : water (2:5:5)
0.33 g mL™'¢ LacA: Glc: water (5:1:3)
1.66 g mL™'* Xyl : ChCl: water (1:2:3)
0.003 x 10~ g mL™* 57.99 x 10~° g mL™* ChCl : urea : water (1:1: 3) 45
59.3x10~> g mL™" ChCl:1,2PD : water (1:1:3)
4.26 107 gmL™" ChCl : AscA: water (2:1:5)
2.41%x107° gmL™" ChCl: MalA: water (1:1:3)
Drugs
Paclitaxel — 0.81x107° g mL ™ Gle:ChCl(1:1) 2
Danazol <0.5%x107° g mL™" 0.160 x 107> g mL™* MaloA: ChCl (2:1) 44
0.0044 x 10> g mL ™" 75% (w/w) MaloA : ChCl (2 : 1)
0.002 x 10~° g mL™* 50% (w/w) MaloA : ChCl (2: 1)
0.048 x 107 g mL™* Urea:ChCl (2:1)
0.0061 x 10> g mL ™" 75% (w/w) urea : ChCl (2: 1)
0.002 x 107 g mL™* 50% (w/w) urea : ChCl (2:1)
Griseofulvin 0.007 x 10~° g mL ™" 1x107° g mL™" MaloA: ChCl (2:1) 44
0.1x107° gmL™ 75% (w/w) MaloA : ChCl (2 : 1)
0.043 x 10 g mL™* 50% (w/w) MaloA : ChCl (2: 1)
0.34x107% g mL™" Urea: ChCl (2:1)
0.016 x 10> g mL™* 75% (w/w) urea : ChCl (2 : 1)
0.015 x 107> g mL ™ 50% (w/w) urea: ChCl (2: 1)
Itraconazole <1x10"°gmL™" 22.0x 107 g mL™* MaloA: ChCl (2:1) 44

6.6x107° gmL™"
1.2x107° gmL™

75% (w/w) MaloA : ChCl (2: 1)
50% (w/w) MaloA: ChCl (2:1)

Abbreviations: MalA - malic acid; LacA - lactic acid; Glc - glucose; Pro - proline; ChCl - choline chloride; Xyl - xylose; Suc - sucrose; Fru - fructose; CitA —
citric acid; MaleA - maleic acid; MaloA - malonic acid; Lys - lysine; AscA - ascorbic acid. 1,2PD - 1,2-propanediol; LevA - levulinic acid. “ Values converted
from g mol™* to g mL™" based on the measured NaDES density provided by the authors of the cited article. ” The values were not converted to g mL™" due to
the fact that the authors did not provide any data on density of the selected NaDES.
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The program for desiccation tolerance in a plant cell can be
turned on by two factors, dehydration and a plant hormone
called abscisic acid,®® which triggers gene expression associ-
ated with this phenomenon. It was discovered that drought tol-
erance is correlated with production of sugars and some
amino acids like glutamate, glycine-betaine and proline, as
well as molecules like compatible solutes and heat shock pro-
teins.>® Many of these induced compounds have been shown
to act as NaDES components and NMR-metabolomics of dry
resurrection plants have shown the presence of some of these
compounds inside the cells.? By retaining water and prevent-
ing freezing, NaDES may help the living cells survive in
drought conditions, which are the result of either high or low
temperatures, by stabilizing membranes, enzymes and metab-
olites.”> This accumulation of metabolites has not only been
shown for more extreme organisms that exhibit desiccation tol-
erance,” but also for more moderate ones like the plant
Arabidopsis, which showed increased levels of sugars, amino
acids, organic acids and amines when exposed to water
depletion.®

The effects of drought are very evident in enzymes, where
the loss of water can cause enzyme denaturation and sub-
sequent loss of function. This loss of function can not only
lead to disruption of the cell’s metabolic pathways, but also
cause the accumulation of toxic compounds which would
otherwise be inactivated with these enzymes. Knudsen and co-
workers®® looked at how enzymes involved in the synthesis of a
defense compound dhurrin were affected by drought. Dhurin
is a natural insecticide that forms hydrogen cyanide gas upon
hydrolysis®* and its synthesis is catalysed by a membrane
multi-enzyme complex.®*** The environment surrounding the
enzyme complex and the produced dhurrin must be stable in
order to promote the activity of the enzymes® as well as
prevent auto-hydrolysis of dhurrin at cytosolic pH.** In
drought conditions, the drought-tolerant sorghum (Sorghum
bicolor) plant® produces high amounts of dhurrin as well as
NaDES forming compounds like organic acids, sugars and
amino acids.®® Thus, Knudsen and co-workers®® hypothesized
that dhurrin is stored in high-density NaDES-based conden-
sates but had to show that the dhurrin metabolome is stable
and/or active in such an environment (environment which mimics
drought conditions). The researchers showed that, although the
tested enzymes were not active in high concentrations of
Gle: tartrate (1:1) NaDES, they regained a good portion of their
initial activity upon dilution with water (rehydration). Similar
results were shown by other groups as well.>®” For example, it was
shown that the enzyme laccase was completely dissolved in
NaDES, yet it was not active. Nonetheless, when water was added
to the mixture, the enzyme regained its activity.” Similarly,
Khodaverdian et al.®” used laccase from Bacillus HR03 and showed
it retained about 92% and 82% of its initial activity in
Sorb:Bet:water (1:1:1) and Glyc:Bet (2:1), respectively, after
water was added to the system. These studies all indicate that, if
NaDES are present in the cell, they could act as stabilizing media
in which enzymes and other active molecules are stored and pro-
tected until water is restored and their activity can be recovered.

This journal is © The Royal Society of Chemistry 2023
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Overall, these findings suggest that NaDES could be used
by the cell to stabilize enzymes and compounds when its water
activity is low, such as under high environmental tempera-
tures, drought, freezing and germination. The water shell
around proteins could be substituted by the sugar com-
ponents of NaDES providing an environment that protects
against irreversible damage to these active molecules. Thus,
the presence of NaDES in the cell in the form of the third
liquid phase during desiccation, should prevent precipitation
of proteins, polymers and metabolites while also preserving
their function until water activity can be restored. Although
the drought tolerance attributed to NaDES is not directly
translatable, the stabilizing effects of (Na)DES discussed in
this chapter can be exploited in a laboratory setting for
storage of active molecules, thermal stabilization and reac-
tions that require a water-free medium, which will be dis-
cussed in the following chapters.

Thermal tolerance

Water evaporation due to high temperatures leads to drought
conditions - water loss in living cells. However, high tempera-
tures also have other consequences like thermal deactivation
of enzymes as a result of denaturation. Previous studies have
shown that certain NaDES can provide favourable environ-
ments which preserve enzyme activities®® by stabilizing their
secondary structures.’”’® For example, betaine (Bet), a
common component of NaDES, has been shown to protect
proteins against denaturation and aggregation.”! Thermal
stability of laccase from Bacillus HR03 was tested at 80 °C in
absence and presence of 20% (v/v) NaDES.®” The activity of the
enzyme was markedly increased in 20% (v/v) sorbitol
(Sorb) : Bet : water (1:1: 1), where the half-life of the enzyme at
80 °C was 43 minutes, compared to only 7 minutes in aqueous
buffer. The authors showed that Sorb:Bet:water has
6 hydroxyl groups that bind to the enzyme through hydrogen
bonds, making its structure more rigid and stable, thus, pre-
venting it from unfolding (denaturation) at high temperatures.
In another study, the thermal stability of laccase from Trametes
versicolor was tested in various ChCl- and Bet-based aqueous
NaDES.”> The enzyme was incubated at high temperatures in
buffer or in 25% (w/w) aqueous solution of various NaDES.
Although the relative activity of laccase did not increase, the
thermal inactivation of laccase at 60, 70 and 90 °C was signifi-
cantly slower in 25% (w/w) Bet: xylitol (1: 3) NaDES compared
to buffer. Furthermore, the half-life of the enzyme at 60 °C was
increased from around 30 minutes in buffer to several hours
in 25% (w/w) Bet:xylitol (1:3). The observed effects were
shown to be due to the action of NaDES and not its individual
components. The ChCl-based mixtures did not perform as well
as Bet-based formulations, which shows the importance of the
HBA selection. The choice of HBD, HBA:HBD ratio and
dilution factor also play an important role. The researchers
showed that Bet:Sorb and Bet: xylitol significantly increased
the thermostability, but exchanging the HBD for propanediol
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showed no effect compared to phosphate buffer. Different
Bet : xylitol ratios and aqueous dilutions were also tried by the
same group. They determined that the ratio 2:1 and 75%
dilution (25% aqueous solution of NaDES) were the most
advantageous. Delorme et al’®> and Toledo et al'® both
showed that the higher number of OH-groups of the HBD cor-
relates with higher thermostability. Toledo et al.*® suggested
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that this could be due to the formation of H-bonds between
OH-groups on the HBD and the amino acids of the enzyme,
thus, a higher number of H-bonds would result in better stabi-
lization of the protein structure (Fig. 2). Interestingly, one
study also showed that some NaDES not only provide better
thermostabilizing effects at high temperatures but also enable
enzymatic reactions at low temperatures.’® The authors used
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Fig. 2 A. Influence of the number of hydroxyl groups from the NaDES HBA and HBD upon laccase activity. B. Influence of NaDES over the thermal
activity of laccase: I, control; I, 10 wt% choline dihydrogen phosphate ([Ch]DHP) : xylitol (Xyl), (1:2) molar ratio; i, 25 wt% [Ch]DHP : Xyl, (1: 2) molar
ratio; l, 25 wt% choline dihydrogen citrate ([Ch]DHC) : xylitol (Xyl), (1:2) molar ratio. Adapted from ref. 40 with permission from American Chemical

Society, copyright 2019.

9050 | Green Chem., 2023, 25, 9045-9062

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc01913f

Open Access Article. Published on 26 September 2023. Downloaded on 28/07/2024 8:14:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

horseradish peroxidase in enzyme-mediated free radical
polymerization reactions and showed that the reactions take
place in ChCl: glycero