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Natural  products  were  used  as a
source  for  deep eutectic  solvents  and
ionic liquids.
We define  own  chemical  and  physi-
cal  properties  of  natural  deep  eutec-
tic  solvents.
Interaction  between  natural  deep
eutectic  solvents  and  solutes  was
confirmed  by  NMR.
The  developed  natural  deep  eutec-
tic  solvents  were  applied  as  green
media.
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a  b  s  t  r  a  c  t

Developing  new  green  solvents  is  one  of  the  key  subjects  in  Green  Chemistry.  Ionic  liquids  (ILs)  and
deep  eutectic  solvents,  thus,  have  been  paid  great  attention  to replace  current  harsh  organic  solvents
and  have  been  applied  to many  chemical  processing  such  as  extraction  and  synthesis.  However,  current
ionic liquids  and  deep  eutectic  solvents  have  still  limitations  to  be applied  to  a  real  chemical  industry
due  to  toxicity  against  human  and  environment  and  high  cost  of  ILs and  solid  state  of  most  deep  eutectic
solvents  at room  temperature.  Recently  we  discovered  that  many  plant  abundant  primary  metabolites
changed  their  state  from  solid  to liquid  when  they  were  mixed  in  proper  ratio.  This  finding  made  us
hypothesize  that natural  deep  eutectic  solvents  (NADES)  play  a  role  as alternative  media  to  water  in liv-
ing organisms  and  tested  a wide  range  of  natural  products,  which  resulted  in  discovery  of  over  100  NADES
from  nature.  In order  to  prove  deep  eutectic  feature  the  interaction  between  the  molecules  was  investi-
gated by  nuclear  magnetic  resonance  spectroscopy.  All  the  tested  NADES  show clear  hydrogen  bonding
olubility between  components.  As  next  step  physical  properties  of NADES  such  as  water  activity,  density,  viscosity,
polarity  and  thermal  properties  were  measured  as well  as  the  effect  of  water  on  the  physical  properties.
In  the  last  stage  the  novel  NADES  were  applied  to the  solubilization  of wide  range  of  biomolecules  such
as non-water  soluble  bioactive  natural  products,  gluten,  starch,  and  DNA.  In most  cases  the solubility  of
the  biomolecules  evaluated  in  this  study  was  greatly  higher  than  water.  Based  on  the  results  the  novel
NADES  may  be expected  as potential  green  solvents  at  room  temperature  in  diverse  fields  of  chemistry.

© 2012 Elsevier B.V. All rights reserved.
∗ Corresponding author. Tel.: +31 71 527 4510; fax: +31 71 527 4510.
E-mail address: y.choi@chem.leidenuniv.nl (Y.H. Choi).
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1. Introduction
Currently green technology is one of the key issues in chemistry
fields because it aims to preserve environment and to reduce the
negative influence of human involvement. The green technology
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acilitates the minimum use of non-hazardous media, new envi-
onmentally acceptable solubilization techniques by controlling
hysical properties of media such as temperature and pressure,
nd developing new green solvents. Of the diverse ways of green
echnology developing new green solvents may  be the most impor-
ant subjects. In the context ionic liquids and deep eutectic solvents
ave been paid great attention to replace current harsh organic
olvents.

It is a well-known phenomenon that pure solid chemicals can
ecome liquid by mixing in certain ratios as in the case of ionic

iquids and deep eutectic solvents. Ionic liquids (ILs) are a class
f organic salts with a low melting point. Recently, with the aim
f developing environmentally friendly solvents, ILs have received
ncreasing attention because they have a negligible vapor pres-
ure and can be tailored concerning polarity and selectivity for
ifferent applications such as chemical or enzymatic reactions
1,2]. Another type of solvent with similar physical properties
nd phase behavior to ILs are deep eutectic solvents (DES) [3].
hese solvents are mixtures of compounds that have a much
ower melting point than that of any of its individual compo-
ents, mainly due to the generation of intermolecular hydrogen
onds. The principle of creating ILs and DES was  demonstrated
or mixtures of quaternary ammonium salts [4] with a range of
mides and carboxylic acids [5],  and later extended to choline
hloride with alcohols [6],  and urea with sugars or organic acids
7,8]. Some features of these DES make that they have an advan-
age over ILs because they are easier to prepare with high purity
t low cost. Higher melting points of many DES, however, can
amper their application as a green solvent at room temperature.
ompared to the broad applications of ILs [9–12], the applica-
ion of DES has been so far limited to organic reactions [7,8,13],
rganic extractions [14], electrochemistry [15–17],  and enzyme
eactions carried out at 60 ◦C [6].  Moreover, the synthetic ILs suf-
er from high toxicity of some of the ingredients [18,19], which
s hampering their use in pharmaceutical and food related prod-
cts.

In order to increase the number of candidates for ILs and DES
nd extend their applications, apart from synthetic compounds,
ttention has directed towards natural products such as organic
cids [5,8,20], amino acids [21], sugars [7,22],  choline [4,6], or urea
4,7,8]. Natural products are indeed a plentiful and ideal source of
Ls and DES due to their enormous chemical diversity, biodegrad-
ble properties and pharmaceutically acceptable toxicity profile.
here is, however, an even more interesting aspect. We  recently
ostulated that in living organisms there is an alternative medium
o water and lipids, because if they were the only two  media it
ould be difficult to explain a great number of biological processes

hat occur in all organisms, such as biosynthesis of poorly water sol-
ble metabolites and macromolecules in the aqueous environment
f cells, also survival of organisms in extreme drought (e.g. cacti,
esurrection plants, lichen, prokaryotes), and/or cold conditions
e.g. seeds, prokaryotes). The occurrence of ILs and DES in living
rganisms can explain many of these biological phenomena [14].
his hypothesis was based on the observation that many potential
ngredients of ILs and DES are always observed in large and about
imilar amounts in NMR-based metabolomics of all type of cells
nd organisms.

To prove our recently published hypothesis [23] that ILs and
ES might play an important role as a liquid phase for solubili-
ing, storing, and transporting non-water soluble metabolites in
iving cells and organisms, we tested different mixtures of vari-
us abundant cellular constituents (primary metabolites) to make

iquid, measure their important physicochemical properties, and
est their solubilization ability for poorly water soluble metabolites
nd also macromolecules. Furthermore, the existence of NADES in
lants was also explored.
 Acta 766 (2013) 61– 68

2. Materials and methods

2.1. NADES preparation

Two methods were used for preparing natural deep eutectic
solvents (NADES): a vacuum evaporating and a heating method.
Evaporating method: components were dissolved in water and
evaporated at 50 ◦C with a rotatory evaporator. The liquid obtained
was put in a desiccator with silica gel till they reached a con-
stant weight. Heating method: this method was employed to obtain
NADES with a known amount of water. The two-component mix-
ture with calculated amounts of water was  placed in a bottle with a
stirring bar and cap and heated in a water bath below 50 ◦C with agi-
tation till a clear liquid was formed (about 30–90 min). The viscous
liquids were tested on a 1H NMR  spectrometer at 40 ◦C.

2.2. NMR  spectroscopy

NMR  experiments: 1H NMR  spectra, 2D NOESY and HOESY spec-
tra were recorded at 25 and 40 ◦C on a Bruker 500 MHz  DMX  NMR
spectrometer (500.13 MHz  proton frequency) equipped with a TCI
cryoprobe and Z-gradient system. For 1D-1H NMR  spectra, a total
of 32 768 data points were recorded covering a spectral window of
9615 Hz; 128 scans of a standard one-pulse sequence with 90◦ flip
angle for excitation and presaturation during 2.0 s relaxation delay.
An exponential window function with a line-broadening factor
of 0.3 Hz was  applied prior to Fourier transformation. The result-
ing spectra were manually phased and baseline corrected. 1H–1H
NOESY spectra were acquired with presaturation (B1 = 50 Hz) dur-
ing a relaxation delay of 1.5 s. A data matrix of 1024 × 2048 points
covering 7739.4 × 7739.4 Hz was recorded with 16 scans for each
increment. Data were zero filled to 2048 × 2048 points prior to
States-TPPI type 2D Fourier transformation and a sine bell-shaped
window function was applied in both dimensions. Mixing time
was 100 ms.  2D NOESY spectra were recorded at 25 ◦C on a Bruker
400 MHz  HR-MAS NMR  spectrometer at frequence of 3000 Hz with-
out buffer and D2O.

2.3. Physicochemical properties tests

Thermogravimetric analysis (TGA) was performed using
PerkinElmer TGA 7, heating from room temperature to 100 ◦C, kept
at 100 ◦C for 1 h, and then up to 300 ◦C at a rate of 10 ◦C min−1

in air. Differential scanning calorimetry (DSC) curve was recorded
using PerkinElmer Diamond DSC, from −120 ◦C to 50 ◦C at a rate of
10 ◦Cmin−1 with heat down and heat up process in nitrogen. Den-
sity tests were performed using a density meter (DMA 5000) at
40 ◦C. Viscosity test was  performed using a viscometer 16983, type
U-tube reverse (P.M. Tamson B.V. Zoetermeer, The Netherlands) in
a thermostatic bath TVB 445 (Labovisco B.V., The Netherlands) at
40 ◦C. Water activity test was  performed in a water activity mea-
surement equipment at 40 ◦C. Polarity testing was done with Nile
red (NR) as a solvatochromatic probe. The �max was  determined
and used in the formula ENR (kcal mol−1) = hc�maxNA = 28591/�max

to obtain ENR [24].

2.4. Solubility tests

Solubility tests were carried out by saturating NADES with an
excess of the tested compound in a bottle with a cap, stirring at
40 ◦C for 2 h and leaving to rest for 3 h for precipitation (centrifuging
20 min for DNA and gluten after dissolving for 2 h). Triplicate sam-

ples of the resulting solution were diluted with water. The diluted
solutions were analyzed with HPLC-UV at wavelength of 360 nm for
rutin, 370 nm for quercetin, 272 nm for cinnamic acid, 517 nm for
carthamin, 472 nm for 1,8-dihydroxyanthaquinone, and quantified
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Table 1
Different combinations of natural ionic liquids or deep eutectic solvents from natural
products made through vacuum evaporating method.

Components Mole ratio

Component 1 Component 2 Component 3

Choline chloride Lactic acid 1:1
Choline chloride Malonic acid 1:1
Choline chloride Maleic acid 1:1, 2:1,
Choline chloride dl-Malic acid 1:1, 1.5:1,
Choline chloride Citric acid 1:1, 2:1,
Choline chloride Aconitic acid 1:1
Choline chloride l-(+)-Tartaric acid 2:1
Choline chloride Glycol 1:1,1:2
Choline chloride 1,2-Propanediol 1:1, 1:1.5, 1:2, 1:3
Choline chloride 1,2-Propanediol 2:1a

Choline chloride Glycerol 1:1, 3:2
Choline chloride meso-Erythritol 2:1a

Choline chloride Xylitol 5:2
Choline chloride Adonitol 5:2
Choline chloride Ribitol 5:2
Choline chloride d-Sorbitol 3:1, 5:2
Choline chloride d-Xylose 2:1, 3:1
Choline chloride A-L-Rhamnose 2:1
Choline chloride d-(+)-Glucose 1:1, 2:1a

Choline chloride d-(+)-Glucose 5:2
Choline chloride d-(−)-Fructose 1:1, 1:1.5, 1:2a

Choline chloride d-(−)-Fructose 5:2
Choline chloride Sorbose 5:2, 1:1
Choline chloride d-Mannose 5:2
Choline chloride d-(+)-Galactose 5:2
Choline chloride Sucrose 4:1, 1:1
Choline chloride d-(+)-Trehalose 4:1
Choline chloride Maltose 4:1
Choline chloride Raffinose 11:2
Choline chloride Proline dl-Malic acid 1:1:1
Choline chloride Xylitol dl-Malic acid 1:1:1
Choline bitartrate d-(+)-Glucose 1:1
Betaine d-(+)-Glucose 5:2 a

Betaine Sucrose 4:1, 1:1a

Betaine Sucrose 2:1
Betaine d-(+)-Trehalose 4:1
Betaine d-Sorbitol 3:1a

Betaine dl-Malic acid 1:1
Betaine l-(+)-Tartaric acid 2:1
Betaine d-Mannose 5:2
Betaine Inositol Raffinose 9:1:1a

Betaine Sucrose Proline 1:1:1
Betaine Sucrose Proline 5:2:2
Betaine d-(+)-Glucose Proline 1:1:1
Betaine dl-Malic acid d-(+)-Glucose 1:1:1
Betaine dl-Malic acid Proline 1:1:1
Betaine dl-Malic acid Inositol 1:1:1a

Betaine Oxalic acid d-(+)-Glucose 1:1:1
Betaine Citric acid 1:1
Lactic acid d-(+)-Glucose 5:1
Lactic acid �-Alanine 1:1
dl-Malic acid d-Xylose 1:1a

dl-Malic acid d-(+)-Glucose 1:1, 1:2a

dl-Malic acid Sucrose 1:1
dl-Malic acid d-(−)-Fructose 1:1a

dl-Malic acid d-Mannose 1:1
dl-Malic acid Sucrose 1:1, 2:1
dl-Malic acid Maltose 2:1a

dl-Malic acid d-(+)-Trehalose 2:1
dl-Malic acid Lactose 2:1, 1:1
dl-Malic acid Raffinose 3:1a

dl-Malic acid Xylitol 1:1a

dl-Malic acid Adonitol 1:1a

dl-Malic acid d-Sorbitol 1:1
dl-Malic acid d-(+)-Glucose d-(−)-Fructose 1:1:1
dl-Malic acid d-(+)-glucose Glycerol 1:1:1
dl-Malic acid Sucrose Glycerol 1:1:2
dl-Malic acid l-Proline Choline chloride 1:1:1
Citric acid d-Xylose 1:1a
Y. Dai et al. / Analytica C

ith a UV/Vis spectrophotometer at 217 nm for ginkgolide B,
28 nm for taxol, 260 nm for DNA, and 595 nm for gluten with
radford method. Solubility of starch was performed as follows:

 known amount of starch was placed in a glass vial with a cap and
 mL  of NADES were added. The vial was vortexed, then loosely
apped, placed in a microwave oven and repeatedly heated with
–10 s pulses at full power till the liquid boiled. Between pulses,
he vial was removed, and 1/10 of the original amount of the sam-
le was added, vortexed and replaced in the oven if fully soluble. If
ot soluble, the sample amount was reduced and the above steps
ere repeated till a cloudy solution became clear when boiled [25].

. Results and discussion

Previously we discovered that many plant primary metabo-
ites in solid state became liquid when they mixed in a certain
ondition [23]. We  hypothesized that these liquids may  play a
ole as alternative media to water in living organisms. To prove
ur recently published hypothesis that ILs and DES might play
n important role as a liquid phase for solubilizing, storing, and
ransporting non-water soluble metabolites in living cells and
rganisms, we tested different mixtures of various abundant cel-
ular constituents (primary metabolites) such as sugars, sugar
lcohols, amino acids, organic acids, and choline derivatives. Indeed
any combinations of these compounds were found to be liq-

ids. We  introduced the term Natural Deep Eutectic Solvents
NADES) for these liquids. The exploration of different combi-
ations of these common metabolites abundantly present in all
ypes of cells and organisms provided over 100 combinations of
ADES (Table 1). Choline chloride, for example, in combination
ith any kind of primary metabolite, can make liquids. One may
istinguish four main groups: ionic liquids with an acid and a
ase, sugar based NADES with only neutral compounds, sugar
ased NADES with bases and sugar based NADES with acids. Sur-
risingly, different kinds of sugars or organic acids mixtures can
lso form liquids, such as fructose–glucose–sucrose [23] and malic
cid–citric acid. Other combinations of more than two  components
an also lead to clear liquids, such as glucose–sorbitol–malic acid or
holine chloride–proline–malic acid. These multi-component mix-
ures might be closer to the NADES found in plants since plants
ave, naturally, a pool of all these metabolites.

.1. Discovery of NADES in nature

Similar combinations are also observed in plants secretions, and
lants in drought, or cold conditions. In fact, the ingredients for
atural ILs and DES are abundant in organisms, which leads to our
ypothesis that the natural ILs and DES play important physiologi-
al roles as a third medium polar liquid in living cells and organisms
23]. For example, the NMR  spectrum of nectar of flowers, a liquid,
hows that it is composed mainly of sugars which are individually
n their solid form at room temperature; but the composition of the

ixture of sugars in this secretion is a liquid similar to our proposed
omposition, a fructose–glucose–sucrose NADES [23], and the same
pplies for the components found in the honey, which is composed
f glucose and fructose (Fig. S1-a). Components of NADES were
lso observed in desert plants of the Selaginela species, like Mex-
can moss, but also in microorganisms, lichen, and various other
rganisms that can survive longer periods without water, such as
arley seeds with a high amount of sucrose and choline in epis-
erm during dormancy (Fig. S1-b). Various investigations showed

hat the level of primary metabolites increases in the case of water
hortage even for normal plants, such as Arabidopsis which shows
ncreased levels of sugars (sucrose), amino acids (proline, alanine,
rginine), organic acids (succinic acid, fumaric acid, malic acid) and

Citric acid d-(+)-Glucose 2:1a

Citric acid d-(−)-Fructose 1:1
Citric acid Sorbose 1:1a

Citric acid d-Mannose 1:1
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Table 1 (Continued)

Components Mole ratio

Component 1 Component 2 Component 3

Citric acid d-(+)-Galactose 1:1a

Citric acid Sucrose 1:1
Citric acid Maltose 2:1
Citric acid d-(+)-Trehalose 2:1
Citric acid Raffinose 3:1
Citric acid d-Sorbitol 1:1
Citric acid Ribitol 1:1
Citric acid Xylitol 1:1
Citric acid Adonitol 1:1
Citric acid l-Proline 1:1, 1:2, 1:3
Citric acid dl-Malic acid 1:1a

Phytic acid sodium Betaine 1:6
Phytic acid sodium dl-Malic acid 1:6
Phytic acid sodium Glycerol 1:6
Phytic acid sodium l-Proline 1:6
Phytic acid sodium d-(+)-Glucose 1:6
Phytic acid sodium Choline chloride 1:3
d/l-Proline Sucrose 2:1, 3:1
d/l-Proline Sucrose 4:1,1:1a

d/l-Proline d-Sorbitol 1:1
d/l-Proline d-(+)-Glucose 1:1, 5:3
d/l-Proline Lactic acid 1:1
d/l-Proline dl-Malic acid 1:1
d/l-Proline Citric acid 1:1, 2:1
d/l-Proline Malonic acid 1:1a

d-Proline d-(+)-Glucose 5:3
l-Proline d-(+)-Glucose 5:3
l-Serine dl-Malic acid 3:2, 1:1
l-Serine d-(+)-Glucose 5:4a

l-Glutamic salt Sucrose 2:1
l-Glutamic salt d-(+)-Glucose 1:1
d-(+)-Glucose dl-Malic acid 1:1a

d-(+)-Glucose Citric acid 1:1
d-(+)-Glucose l-(+)-Tartaric acid 1:1
d-(+)-Glucose d-(−)-Fructose Sucrose 1:1:1a

d-(−)-Fructose Sucrose 1:1
�-Alanine dl-Malic acid 3:2, 1:1
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�-Alanine Citric acid 1:1

a Not stable; solid precipitate within 7 days.

mines (choline) in water depleted conditions as compared to its
ormal growing conditions. Also cold resistance might be related to
ADES, and in fact the commonly used cryoprotectants for plants,

ike sugars, sugar alcohols and proline, are all ingredients of NADES.
urthermore, the NADES can also explain the biosynthesis and stor-
ge of poorly water soluble compounds since NADES show high
olubilizing capacity for those compounds, as shown in the below
olubility results. In particular, NADES maybe involved in solubil-
zing e.g. water insoluble flavonoids in flowers at very high level.
ADES in our view function as an alternative liquid phase to water

n nature to protect organisms from drought, cold, and to enable
he biosynthesis and storage of poorly water-soluble molecules,
ncluding high molecular weight molecules.

.2. Structures of NADES

Nuclear magnetic resonance (NMR) spectroscopy was applied
o NADES in search for molecular interactions involved in
his phenomenon. To start with, the existence of hydrogen
onds in these NADES was observed. Abbott et al. observed

 cross-correlation between the fluoride ion from choline flu-
ride and protons from urea using heteronuclear Overhauser
pectroscopy (HOESY) [4].  Also, Mele et al. observed a direct
ntermolecular and intramolecular interaction between 1-n-

utyl-3-methylimidazolium tetrafluoroborate molecules through
H–1H-nuclear overhauser spectroscopy (NOESY) [26]. In our
tudy, for example, the HOESY spectrum of 1,2-propanediol-
holine chloride-H2O (PCH) revealed a signal corresponding to
Fig. 1. 2D NMR  spectra of 1,2-propanediol-choline chloride-water (1:1:1, molar
ratio). (a) Heteronuclear overhauser spectroscopy (HOESY); (b) 1H–1H-nuclear over-
hauser enhancement spectroscopy (NOESY).

the proton on the methyl group of 1,2-propanediol interacting
with both the methyl carbon and methylene (connected to nitro-
gen) carbon of choline chloride. This implies that the protons
of the hydroxyl group of 1,2-propanediol may  form a hydrogen
bond with choline chloride (Fig. 1a). The NOESY spectrum of PCH
shows strong interaction between the protons on the hydroxyl
groups from choline chloride, 1,2-propanediol, and water (Fig. 1b),
implying that hydrogen bonds are formed between these hydroxyl
groups. This example suggests that water might also participate in
the supramolecular structure of NADES. A similar interaction was
observed in other combinations, such as proline–malic acid–water
(PMH) (Fig. S2).

Different ratios of the components of NADES, may  affect sta-
bility of NADES in terms of the mixture remaining in the liquid
phase for prolonged periods. To test this, the stability of mixtures
prepared with different molar ratios of compounds was evaluated.
In the case of sugars–choline chloride mixture, for example, glu-
cose:choline chloride, a ratio of 2:5 moles is stable, but with 2:1, 1:1
or 1:4 mole ratio, a clear liquid can be prepared by mixing, but solid

(crystalline) precipitate will gradually appear. Similar cases are
listed in Table 1. These observations lead to our conclusion that one
chloride ion from choline chloride can form two hydrogen bonds
with two  hydroxyl groups from sugars, thus behaving similarly as
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reported that most of them were not liquid at room temperature
ig. 2. Relationship between (a) viscosity and added water percentage (v/v), (b)
iscosity and temperature of glucose–choline chloride–water (2:5:5, molar ratio).

n a mixture of a choline chloride and a carboxylic acid [5]. A 1:1
olar ratio is suitable for most other combinations. Sugar/sugar

lcohol–organic acid/amino acid, amino acid–organic acid, all
omponents are both hydrogen-bond donor and acceptors, which
s thought to be the basis for the complexation of the solids yielding
iquids with a supramolecular structure. In fact, NADES are like liq-
id crystals in which all molecules are arranged through hydrogen
onding and other physical intermolecular binding forces.

Another feature to evaluate was the influence of the structure
f the compounds on the formation and stability of NADES. To
tudy this, different compounds of similar structures were tested
Table 1). The number of hydrogen bond donor or acceptor groups,
he spatial structure of those groups and the position of the bonds
ppeared to significantly influence the formation and stability of
ADES. For example, in the case of organic acids, succinic acid does
ot form a liquid with choline salts, whereas malic acid, citric acid,
nd tartaric acid do. Considering the structure of these acids, it is
ossible to conclude that the presence of extra hydroxyl or carboxyl
roups, allows more hydrogen bonds to be formed, thus increasing
he stability of the liquids. The same applies for the combinations of
rganic acids and sugars, those that have more carboxylic groups,
uch as citric acid, can form stable liquids with more kinds of sug-
rs than those with less carboxylic groups as is the case of malic
cid. Not only the number of hydroxyl groups but also their spa-
ial structure has a great influence on the formation and stability of

ydrogen bonds. The liquid formed with galactose and choline chlo-
ide is not stable and precipitates while the combination of choline
hloride with glucose is a stable liquid. A similar phenomenon was
Fig. 3. Solubility of rutin, quercetin, cinnamic acid and carthamin in glucose–choline
chloride–water (2:5:5, molar ratio) diluted with different percentage of water.

also observed with other sugars and sugar alcohols, like sorbitol
vs mannitol. In the case of disaccharides, trehalose can form a liq-
uid with choline salts or organic acids but cellobiose, which has a
different glycosidic bond to trehalose, does not form a liquid.

One of the interesting applications of ILs and DES is their poten-
tial use as solvents. The physical properties [27,28] and solubilizing
capacity [29,30] of ILs, can be modified by the addition of small
quantities of water. In the case of DES, previous studies have
[4,5,7] and consequently there is a limitation for their application
to extraction or reaction media at room temperature. In this study
we found that small amounts of water (around 5–10% of water, e.g.
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Table 2
Physical properties of natural ionic liquids or deep eutectic solvents with water and methanol as references.

Name Composition (mole ratio) Water
(wt%)

Water activity
(40 ◦C)

Density(40 ◦C)
(g/cm3)

Viscosity (40 ◦C)
(mm2/s)

Tdecom
a (◦C) Tg

b (◦C) ENR
c

(kcal/mol)

MCH  Malic acid:choline chloride:water (1:1:2) 11.62 0.195 1.2303 445.9 201 −71.32 44.81
GlyCH Glycerol:choline chloride:water (2:1:1) 5.26 0.126 1.1742 51.3 187 −101.59 49.55
MAH  Malic acid:�-alanine:water (1:1:3) 19.48 0.573 1.352 174.6 164 −70.88 48.05
PMH  Proline:malic acid:water (1:1:3) 17.81 0.591 1.3184 251 156 −61.29 48.3
FCH  Fructose:choline chloride:water (2:5:5) 7.84% 0.151 1.2078 280.8 160 −84.58 49.81
XCH  Xylose:choline chloride:water (1:2:2) 7.74 0.141 1.2095 308.3 178 −81.8 49.81
SCH Sucrose:choline chloride:water (1:4:4) 7.40 0.182 1.2269 581 >200 −82.96 49.72
FGSH Fructose:glucose:sucrose:water (1:1:1:11) 22.0 0.662 1.3657 720 138 −50.77 48.21
GCH  Glucose:choline chloride:water (2:5:5) 7.84 0.162 1.2069 397.4 170 −83.86 49.72
PCH  1,2-Propanediol:choline chloride:water (1:1:1) 7.70 0.242 1.0833 33 162 −109.55 50.07
LGH  Lactic acid:glucose:water (5:1:3) 7.89 0.496 1.2497 37 135 −77.06 44.81
SoCH  Sorbitol:choline chloride:water (2:5:6) 9.23 0.12 1.1854 138.4 >200 −89.62 49.98
XoCH Xylitol:choline chloride:water (1:2:3) 11.17 0.116 1.17841 86.1 >200 −93.33 49.72
H2O Water 100 1 0.992 ≈1 – – 48.21
MeOH Methanol – – 0.791 – – – 51.89
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a Decomposition temperature.
b Glass transition temperature.
c ENR = hcNA/�max = 28591/�max.

:5:5 in molar combinations in case of GCH, Table 2) resulted in a
iquid at room temperature and even at lower temperature. This fits
n with our hypothesis of the role of NADES in nature as regards to
esiccation of various organisms in which NADES are formed after
he evaporation of water. However, extension dilution of DES with
ater will result in the loss of existing hydrogen bonds, and con-

equently, the disappearance of the special structure of DES [31].
dding small amount of water to a NADES has other effects such
s reducing the preparation time and temperature, and decreasing
heir viscosity (Fig. 2a). The molar ratio of water that is compati-
le with the stability of liquid NADES at room temperature is listed

n Table 2. The water activity values of most DES are close to 0.2,
uch lower than the mole percentage of water in each DES, indi-

ating that the water in NADES is difficult to evaporate as it is in
he form of bonded water. Most importantly, the physical proper-
ies of NADES, e.g. solubilizing capacity, can be tuned by varying
he water content, leading in some cases, to a higher solubility of
lant secondary metabolites such as rutin, carthamin and cinnamic
cid (Fig. 3).

.3. Preparation of NADES

Two methods have been described for the preparation of DES:
reeze-drying [31] and heating a mixture of the solids to around
0 ◦C [4].  The NADES evaluated in this study can be obtained by
eating with stirring at 50 ◦C in 0.5–2 h due to the addition of a small
mount of water. This method is not only cheaper but also safer
onsidering that the components are usually thermally unstable,
s is the case of sugars or amino acids. Both vacuum evaporating
nd heating methods tested in this paper show the same chemical
rofile for the liquid obtained as shown by the 1H NMR  spectra
Fig. S3).

.4. Physicochemical properties of NADES

The thermal behavior of NADES was studied using thermogravi-
etric analysis (TGA) and differential scanning calorimetry (DSC)

Table 2). The weight loss at 100 ◦C indicates that the water content
n glucose-choline chloride-water (GCH) is 7.8%, which is consis-
ent with the amount of water added. All the NADES were heated
o 100 ◦C for 1 h, without any evident decomposition. The NADES
ade of sugars have a low decomposition temperature (Tdecomp) of
pproximately 135 ◦C but others have a Tdecomp that is even above
00 ◦C. All NADES evaluated by DSC revealed that they have glass
ransition points (Tg) below −50 ◦C but without a melting point,
which confirms that those NADES are supramolecular complexes,
with a stable liquid status over a wide temperature range. The liq-
uid state of NADES at low temperature supports our hypothesis that
NADES play an important role in plant for cold resistance. Also, it
implies that NADES can be used as solvents in a range between at
least 0 and 100 ◦C.

Important physical properties including density, viscosity and
polarity were examined (Table 2). The densities of all tested NADES
proved to be higher than that of water. Viscosity is one of the
most important characteristics and also one of the largest obsta-
cles for the application of ILs and DES. The viscosity of NADES
is affected by water percentage and temperature. In the case of
GCH with different water percentages (v/v) (Fig. 2a), its viscosity
decreased by 1/3 when diluted with 5% water, and decreased to
1/10 of the original value with the addition of 10% water. The vis-
cosity of GCH decreased by 2/3 when the temperature increased
from 20 to 40 ◦C (Fig. 2b). Polarity is another important property
of NADES, since it affects theirs solubilizing capacity. Organic acid-
based NADES are the most polar (44.81 kcal mol−1), followed by
amino acids and pure sugar based NADES with a polarity simi-
lar to water (48.21 kcal mol−1). Both sugar and polyalcohol based
NADES are the least polar, with a polarity close to that of MeOH
(51.89 kcal mol−1). In addition, polarity of NADES may be affected
by the addition of water. The evaluation of the polarity of PCH
and lactic acid–glucose–water (LGH) with different ratios of water
(Table S1)  showed an obvious change of polarity with the addition
of 50% (v/v) water indicating that this amount of water provoked
a dramatic change in the structure of PCH and LGH, very likely
due to the rupture of hydrogen bonding between the two compo-
nents. This is in agreement with the results of previously reported
dilution experiments of DES made of glycerol-choline chloride and
urea-choline chloride [31,32].

3.5. Solubilizing ability of NADES

Considering the different polarities of the NADES, it is possi-
ble that they act as an alternative media to water in organisms,
dissolving non water-soluble metabolites or macromolecules. In
particular, many plant secondary metabolites are not soluble
in water at all, but are synthesized, stored, and transported
in plants. A model experiment was carried out to explore the

solubilizing capacity of NADES. For this, the solubility of the non-
water soluble or poorly water soluble natural products rutin,
quercetin, cinnamic acid, carthamin, taxol, ginkgolide B, and 1,8-
dihydroxyanthaquinone in LGH, GCH, PCH, and xylitol–choline
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Table 3
Solubility of small molecules (m mole) including rutin, quercetin, cinnamic acid, carthamin, 1,8-dihydroxyl-anthraquinone, taxol, ginkgolide B and macromolecules
(g/molesolvent) including gluten, DNA and starch in different natural deep eutectic solvents or ionic liquids (n = 3).

Compounds H2O PCHd GCHd LGHd XoCHd

Small molecules Rutina 0.01 107.09 120.6 20.36 114.15
Quercetina 0.0004 117.60 106.19 2.57 166.95
Cinnamic acida 0.13 128.47 40.54 124.6 44.29
Carthamina 0.02 4.21 2.77 0.41 6.77
1,8-Dihydroxyl anthraquinonea 0.00 0.12 0.26 0.41 0.14
Taxola 0.0002 2.95 0.46 3.45 0.13
Ginkgolide Ba 0.01 38.34 6.51 2.49 11.62

Macromolecules Glutena 0.03 0.06 0.10 2.64 0.23
DNAa 4.56 0.92 1.20 157.01 1.81
Starchb –c 2.47 7.55 1.67 –c

a Detection temperature at 40 ◦C.

r (GCH
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r
t
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t
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t
w

F
b
r

b Detection temperature at 100 ◦C.
c Not detected.
d 1,2-Propanediol–choline chloride–water (PCH), glucose–choline chloride–wate

hloride–water (XoCH) was measured and compared with their
olubility in water (Table 3). The results indicate that the solubil-
ty of most tested compounds was nearly highest in PCH, which is
easonable, considering that PCH is the least polar. It is notewor-
hy that the solubility of these compounds increased in NADES by
8–460,000 times compare to water. As a further step, the influence
f the water content on the solubilizing capacity of GCH was  inves-
igated (Fig. 3). In this case, addition of a small amount of water in
CH can increase its solubilizing capacity and the optimum water

ontent depended on the compound. For example, rutin showed
he highest solubility in GCH with 5% (v/v) water and carthamin
as most soluble in GCH with 10% (v/v) water. These results show

ig. 4. 1H–1H-nuclear overhauser enhancement spectroscopy of correlation
etween solute (quercetin) and xylitol–choline chloride–water (XoCH) (1:2:3, molar
atio) by high-resolution magic angle spinning (HR-MAS) NMR.
), lactic acid–glucose–water (LGH) and xylitol–choline chloride–water (XoCH).

that water is an important factor in optimizing natural NADES. The
solubility of quercetin and carthamin was higher in XoCH than in
PCH. Taxol and 1,8-dihydroxyanthaquinone have the highest solu-
bility in LGH, although LGH is the most polar of the tested NADES.
In order to gain more insight into the solubilizing mechanism of
NADES, high-resolution magic angle spinning (HR-MAS) NMR  was
selected to analyze a saturated solution of quercetin in XoCH. Obvi-
ous cross peaks between quercetin and XoCH were observed in
the HR-MAS-NOESY spectrum (Fig. 4) indicating that the interac-
tion forces, might result from hydrogen bonding between NADES
molecules and solutes, providing an explanation of the high solubil-
izing capacity of NADES. In addition, the solubility of compounds in
NADES affected a lot by temperature. Increasing temperature from
40 to 50 ◦C, the solubility of quercetin increased to 2.3 times higher
in GCH and 1.65 times higher in PCH (Table S2).

Other usual components of cells are macromolecules such as
DNA, proteins, and starch. The solubility of such compounds was
also tested in several NADES (Table 3). Starch was found to be more
soluble in GCH than PCH, yielding solutions that remained clear at
room temperature. On the other hand, gluten and DNA were best
soluble in LGH, which is in agreement with their polarity, LGH  being
the most polar. The solubility in LGH increased 34 times for DNA
and 101 times for gluten as compared to that in water. DES  made
of choline chloride and glycerol has been reported to be a good
solvent for DNA, allowing it to keep its native folded structure [33].
This is in agreement with the solubility of DNA in NADES that we
observed, a fact that supports the possible importance of NADES in
cells.

4. Conclusions

This investigation demonstrates that mixtures of many abun-
dant primary metabolites from all kinds of organisms can form
natural deep eutectic solvents (NADES) when mixed in adequate
ratios. Their NOESY spectra show that they have a supramolecular
structure mainly due to hydrogen bonds between the molecules.
Also, water can be part of such NADES, and is then strongly bound.
Despite high viscosity, the NADES are still liquid at room tem-
perature and even at low temperature. Their viscosity decreases
significantly with the addition of small amounts of water, but pre-
serving their characteristics. In addition, they cover a wide range
of polarity, from more polar than water to the same as methanol.
The NADES proved to be excellent solvents for a wide range of
metabolites of low to medium polarity that are non-soluble or

poorly soluble in water. Macromolecules such as DNA, proteins
and polysaccharides are also soluble in NADES. Their high solu-
bilizing capacity is related to their supramolecular structure and
broad polarity range. The existence of NADES in plants and their
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roperties indicate that NADES might be involved in the biosyn-
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nd imply the role of NADES in protecting organisms from extreme
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