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Natural deep eutectic systems (NADES), which have applications as solvents for both engineering and life sci-
ences, are mainly composed of sugars, aminoacids or organic acids. In this work NADES composed by glucose,
urea and proline (G:U:P in a molar ratio of 1:1:1) and proline and glucose (P:G 5:3) were prepared and added
in different mass fractions to water.
By differential scanning calorimetry it was verified as the crystallization tendency of water is modified even for
low fraction of NADES added. This is also observed by polarized optical microscopy which allowed following
the formation of crystals with different crystalline morphologies as bulk water. Calorimetric data also shown as
the crystallization temperature decreases for all P:G mixtures and this shift is more accentuated for weight frac-
tion of NADES higher than 0.5. Crystallization is totally suppressed for NADES fraction higher than 0.7.
NADES/water mixtures cytotoxicity was evaluated in vitro, revealing that they are less toxic as compared with
the commonly used cryoprotective additives as dimethyl sulfoxide (DMSO). Additionally, cell viability tests
with cell lines cryopreserved using DMSO and both the prepared NADES showed comparable viability.
This work combines thermophysical data on NADES and evaluates it’s in vitro performance, providing cues for
their use in cryopreservation applications.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The use of cryopreservation is well known in various medical appli-
cations, as for example the preservation of embryos [1], but its uses ex-
pand much further. Cryopreservation has been reported for the
preservation of mammalian cells and organs, in the preservation of
plant tissues and seeds, in food sciences and even in cryosurgery
[2–4]. It is expected that cryopreservation will have an impact in mod-
ern life, with the continuous growth in population and consequently
its needs for preserved biological/plant material.

Cryopreservation can be achieved by various methods, being the
most common slow freezing and vitrification [3]. The need for a cryo-
protectant or cryoprotective additives (CPA) in these methods is well
documented [5], in order to prevent cryoinjury from ice crystals
formation. Compounds such as dimethyl sulfoxide (DMSO), glycerol,
1,2-propanediol, sugars such as trehalose or mannitol and even some
veiro).

. This is an open access article under
polymers have been reported to be effective CPAs [2] [5].However,
DMSO is still the most used one, and termed as the gold standard [6].
DMSO is often reported as having low toxicity for biological tissues,
but even at very low percentages, its use as a CPA can have toxic side-
effects and compromise cell viability after freeze-thawing cycles [7].
So, there is a demand in finding new CPAs that exhibit lower toxicity,
are more sustainable, and allow a higher post-thawing survival of cells
and tissues.

It has been reported in literature that species such as sugars (e.g. tre-
halose) and species such as ethylene glycol or glycerol are effective CPAs
[8]. Sugar species are termed as non-penetrating cryoprotectants, but
they can establish interactions with the polar groups of biomolecules
and can stabilize them. Species such as polyols are considered penetrat-
ing cryoprotectants, due to their ability to interact and stabilize cellular
membranes [9].

Some authors termedmixtures of these sugars and polyols as a type
of eutectic system, natural deep eutectic systems (NADES), and the ex-
istence of these type of liquid domain in organisms able to tolerate
freeze-induced injuries has been proposed [10]. It has then been
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Sample names and relative amounts of H2O and NADES prepared.

H2O (wt%) G:U:P (wt%) XDES/Sample
name

H2O (wt%) P:G (wt%) XDES/Sample
name

100 0 XG:U:P = 0 100 0 XP:G = 0
90 10 XG:U:P = 0.1 90 10 XP:G = 0.1
80 20 XG:U:P = 0.2 80 20 XP:G = 0.2
70 30 XG:U:P = 0.3 70 30 XP:G = 0.3
60 40 XG:U:P = 0.4 60 40 XP:G = 0.4
50 50 XG:U:P = 0.5 50 50 XP:G = 0.5
40 60 XG:U:P = 0.6 40 60 XP:G = 0.6
30 70 XG:U:P = 0.7 30 70 XP:G = 0.7
20 80 XG:U:P = 0.8 20 80 XP:G = 0.8
10 90 XG:U:P = 0.9 10 90 XP:G = 0.9
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hypothesized, that the presence of species that have cryoprotective ac-
tivity, which are also known to be able to form NADES, is related, and
NADES have been proposed as liquid domain in cells, alternative to
the aqueous and lipidic one [11].

The use of NADES has cryoprotectants in vitro, has already been pro-
posed, such as NADES composed by trehalose and glycerol (1:30)molar
ratio, respectively [6], and their toxicity is lower when compared to
DMSO, even when higher CPA concentrations are used. Transposing
the concepts of eutectic formation acquired from physical chemistry
and considering NADES as natural occurring eutectic solvents in various
living species, already studied by various authors [11,12], we propose
their application in cryopreservation [10].

An eutectic mixture or system is defined as a mixture of hydrogen
bond acceptors and donor species, which at a specific molar ratio, in-
duce a decrease in the melting temperature, being lower than that of
the individual components [13–15]. This decrease occurs due to interac-
tions established between the eutectic mixture components, which can
yield a liquid mixture at room temperature or near room temperature.
NADES are usually composed of naturally occurring species such as
aminoacids, sugars, organic acids or sugar alcohols [12] [13]. This
means that NADES are sustainable and can also present lower toxicity
when compared with some organic solvents [10]. They are also easily
prepared and do not need expensive resources or purification steps,
making them readily available and cheap.

In this work, we propose the use of two different NADES, composed
by D-(+)-glucose, urea and DL-(±)-proline. As individual compounds,
and even as part of mixtures, their CPA ability has been previously re-
ported [16]. In this work, we present the effect of mixing water with
various NADES amounts and study their influence in water thermal be-
havior, mainly in its crystallization and melting. The presence of NADES
in water may influence these processes, and somehow prevent ice for-
mation that leads to the cell injury that might occur during cryopreser-
vation. NADES toxicity and the resulting cell viability upon freeze and
thawing cycles are also discussed.

2. Materials and methods

2.1. NADES preparation

The NADES were prepared by accurately weighing the compounds
in order to obtain the desired molar ratios, glucose:urea:proline in a
1:1:1 M ratio - G:U:P (1:1:1) - and proline:glucose in a 5:3 M ratio - P:
G (5:3). The mixtures were stirred at a temperature no higher than
40 °C, until a homogeneous clear liquid was obtained, without any pre-
cipitation or phase separation. The obtained DES were kept in a closed
vial and its water amount was regularly measured. DL-(±)-proline (Al-
drich, CAS 609-36-9), D-(+)-glucose monohydrate (Cmd Chemicals,
CAS 14431-43-7) and urea (Merck, CAS 57-13-6) were obtained with
the highest purity commercially available. The deionized water used
in the DSC measurements, and mixed with the obtained NADES had
an electric conductivity of 0.27 μS/cm (25 °C), from a Diwer Technolo-
gies purification unit.

The mixtures of deionized water with different weight percentages
(wt%), of NADES were prepared by calculating the amount of water to
be added to the NADES and are represented in Table 1. The mixtures
were kept in sealed vials, and the water amount was confirmed by
Karl-Fisher titration, using a 831 KF Coulometer with a generator elec-
trode without diaphragm, using Hydranal Coulomat AG as the analyte.
The amount of water in the as-prepared pure NADES was also mea-
sured, yielding a value of 10 wt% for both G:U:P (1:1:1) and P:G (5:3).

2.2. Differential scanning calorimetry (DSC)

All the calorimetric experiments were performed in a DSC Q2000
from TA Instruments Inc. (Tzero DSC technology) operating in the
Heat FlowT4Poption.Measurementswere carried out under anhydrous
2

high purity nitrogen at flow rate of 50 mL/min. DSC Tzero calibration
was carried out in the temperature range from −90 to 200 °C. The
pure compounds water, glucose, proline, urea and the prepared
NADES, were submitted to several cooling and heating runs between
−90 and 100 °C, at a rate of 10 °C/min. These samples were encapsu-
lated in Tzero (aluminum) hermetic pans with a Tzero hermetic lid
with a pinhole to allow water evaporation. Mixtures of DES and water
were submitted to several cooling and heating runs between −90 and
40 °C at a rate of 10 °C/min; in this case, hermetic pans without a pin-
hole were used, to avoid water loss by evaporation.

2.3. POM

Polarized optical microscopy was performed on an Olympus Bx51
optical microscope equipped with a Linkam LTS360 liquid nitrogen-
cooled cryostage. The microstructure of the samples was monitored
by taking microphotographs at appropriate temperatures, using an
Olympus C5060 wide zoom camera. Each sample was positioned on a
microscope slide with a cover slip and inserted in the hot stage. They
were submitted to a cooling ramp from 40 °C to −80 °C, kept during
1 min, and the heated up to 40 °C; cooling and heating rates were con-
stant at 10 °C/min.

2.4. FTIR-ATR

The FTIR spectra were obtained in a FTIR Spectrum Two™ spectro-
photometer from PerkinElmer, in transmittancemode. The spectropho-
tometer was equipped with and attenuated total reflectance (ATR)
sampling accessory and spectra were obtained between 400 and
4000 cm−1 with 16 scans of resolution.

2.5. In vitro biological performance

2.5.1. Citotoxicity evaluation
To evaluate the cytotoxicity of the prepared NADES, cell culture

studies were performed in a mouse fibroblast of connective tissue cell
line, L929 (European Collection of Cell Cultures (ECCC), UK). The cells
were cultured in Dulbecco's modified Eagle's medium (DMEM, Sigma,
USA), supplemented by 10% heat-inactivated fetal bovine serum (FBS,
Biochrome AG, Germany) and 1% antibiotic-antimicotic (Gibco, USA).

The cytotoxicity was studied by analyzing the effect of the pres-
ence of NADES on the cell's metabolism, which is in accordance with
ISO/EN 10993 guidelines. DMSO was also used in the same manner, to
compare the results as a positive control, and cell culture media was
used as negative control. Cell viability was determined by CellTiter 96®
Aqueous One Solution Cell Proliferation Assay, which is based on
tetrazolium active component ((3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) – MTS).
Briefly, at a predetermined time point the cell monolayers were washed
with PBS and immersed in amixture consisting of serum-free cell culture



Fig. 1. FTIR-ATR spectra of pure compounds D-(+)-glucose (a), urea (b), DL-(±)-proline
(c) and of the NADES G:U:P (1:1:1) (d) and P:G (5:3) (e).
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medium andMTS reagent in a 5:1 ratio and incubated for 3 h at 37 °C in a
humidified atmosphere containing 5% CO2. After this 100 μL of each well
were transferred to a 96-well plate. The amount of formazan product
was measured by absorbance at a wavelength of 490 nm using a micro-
plate spectrophotometer (Bio-TEK, USA).

2.5.2. Freezing and thawing of cells with NADES
The freezing and thawing of cells were performed according to

methods already reported [6,16]. For the freezing process, the confluent
cells were trypsinized and collected by centrifugation (300 rpm, 5min).
Afterwards, cells (1 × 106 cells/mL) were resuspended in different for-
mulations, including: a mixture of FBS with DMSO (5 and 10 vv.%) and
a mixture of FBS with 5 and 10 wt% of NADES. Cryotubes (Nunc®,
Sigma Aldrich) containing the different formulations were placed in a
freezing container “Mr. Frosty” at an approximate rate of 1 °C/min
(Nalgene®, Height 86 mm, diameter 117 mm, Sigma Aldrich) which
was directly transferred to −80 °C for 24 h. The cryotubes were then
transferred to liquid nitrogen (−196 °C) and kept at that temperature
for a period of 2 months. For the thawing process, the cryotubes were
warmed up in a 37 °C water bath for approximately 1 min, until the
ice disappears. After resuspending the cells in DMEM, they were centri-
fuged (300 rpm, 5min). Upon discarding the supernatant solution, cells
were resuspended in fresh culture medium and seeded in a 96-well
plate in order to evaluate the changes on cell's viability andmorphology.
The cells were sub-cultured to the first passage. The cell behavior upon
exposure to different CPA was compared with the gold standard, which
is a solution of 10% (v/v) DMSO in FBS and a storage temperature of
−196 °C.

2.5.3. Cell viability assay
The influence of the NADES on cell viability was determined by the

MTS assay after thawing and replating cells. After 24 and 72 h, the
cellswerewashedwith PBS andMTS assaywas performed as previously
described [6].

3. Results and discussion

In this study, two NADES were tested to be used as cryoprotective
additives (CPAs), which were previously characterized in detail by in-
frared spectroscopy and calorimetry, the latter to evaluate how the
thermal behavior of water is influenced by the presence of NADES.
These water/NADES mixtures were later tested regarding its cytotoxic-
ity and cell viability.

3.1. NADES characterization

In order to get some insight into the types of interactions established
between NADES’ components, FTIR-ATR analysis of the pure constitu-
ents and of G:U:P (1:1:1) and P:G (5:3) was carried out. The obtained
spectra are depicted in Fig. 1.

Regarding D-(+)-glucose monohydrate FTIR spectrum, the band lo-
cated between ca. 3700 and 3000 cm−1 can be attributed to the -OH vi-
brational stretching, due to glucose hydroxyl groups as well as the
presence of water in glucose monohydrate. The band between 1800
and 1550 cm−1 can be attributed to –C=O stretching, while the bands
located at ca. 1100–900 cm−1 are attributed to –CO and –CC vibrations.
All this correlates well with spectra obtained for D-(+)-glucose
monohydrate, validated both from experimental and computational
data [17]. In Fig. 1(b), the FTIR spectrumof urea shows the characteristic
–NH2 vibration modes, located as two bands between 3500 and
3000 cm−1, as well as the vibrations between 1700 and 1400 cm−1, at-
tributed to –C=O and –CN stretching vibrations and –NH2 symmetrical
and antisymmetrical vibration modes [18]. Concerning DL-(±)-proline,
in the region between 3100 and 2900 cm−1, vibrations due to –CH2

stretching can be identified, the intense band at ca. 1600 cm−1 can be
attributed to –C=O stretching, while the bands located between 1100
3

and 700 cm−1 are due to vibration modes of the ring structure that is
part of DL-(±)-proline [19].

The FTIR spectrum of G:U:P (1:1:1) presents less defined bands, but
contributions from its components can be identified, mainly in the
3700–3000 cm−1 region which is normally attributed to -OH stretching
vibration modes, usually attributed to the presence of water. The simi-
larity with the vibrational spectra of D-(+)-glucose (a) is not surprising
because the NADES mixture contains 10% of water (see Experimental)



Table 2
Melting temperatures (Tm- taken at peak maximum), crystallization temperatures (Tc- taken at peak onset) and glass transition temperatures (Tg- taken at the onset) of the compounds
and NADES under study. The water content is also indicated.

Compound H2O content (wt%) Tm/°C (heating 1) Tc/°C (cooling1) Tg/°C (heating 1) Tg/°C (heating 2) Tg/°C (heating 3)

H2O – −1.05 −23.7a – – –
D-(+)-glucose monohydrate 8.44 82.0 – – 28.4 –
Urea 0.03 134.6 84.3 – 5.5 –
DL-(±)-proline 1.05 71.0 51.5 – – –
G:U:P (1:1:1) 10.0 – – −47.7 −41.9 −35.2
P:G (5:3) 10.0 – – −39.6 −34.1 −32.5

a Peak resulting from the sample self-heating.
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andD-(+)-glucose ismonohydrated, being the one of pure constituents
with higher hydration level (see later on Table 2).

Also, the complex band between 1700 and 1500 cm−1, normally at-
tributed to –C=O stretching and -NH bending modes, is altered which
can indicate hydrogen bond interaction as they are reported to be one
of the driving forces for DES formation [15,20].

In the case of NADES P:G (5:3), the same type of interactions are de-
tected; at ca. 3700–3000 cm−1 an intense band is detected, attributed to
–OH (also due to contribution of water vibration modes) and –NH2

stretching modes, and at ca. 1600 cm−1 a contribution from the C=O
typical band of both proline and glucose, which may be the responsible
for this signal.
Fig. 2. Heat flow thermograms obtained upon cooling/heating cycles at 10 °C/min for pure co
Water was studied between 40 and −80 °C, and the remaining compounds between 100 a
samples; inset in figure (b) and (c) represents the enlarged glass transition region observed d

4

The differences in the NADES spectra, relative to the individual com-
ponents, indicate the establishment of new interactions, in accordance
to which is observed for homologous DES [21–24].

3.2. Thermal behavior of H2O/NADES mixtures

In order to evaluate the influence of the G:U:P (1:1:1) and P:G (5:3)
in the thermal behavior of water upon both heating and cooling runs,
several mixtures with different weight percentages of water and
NADES (in steps of 10 wt%) were calorimetrically characterized. Prior,
the pure constituents were analyzed, and the respective thermograms
are presented in Fig. 2.
mpounds: (a) water, (b) D-(+)-glucose monohydrate, (c) urea and (d) DL-(±)-proline.
nd −80 °C. Inset in figure (a) represents the DSC thermal protocol followed for all the
uring the second heating scan.
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The thermogram obtained for deionized water (H2O) shows a dis-
tinctive crystallization peak, due to the sample self-heating, a conse-
quence of a highly exothermic process, causing the hysteresis loop
shape in temperature [25]. The crystallization temperature was deter-
mined from the onset of the crystallization peak. In the subsequent
heating run the melting is observed centered around−1.05 °C.

In the thermograms of D-(+)-glucose monohydrate, urea and DL-
proline, the main parameters associated with the observed thermal
events occurring in the studied temperature range, are summarized
in Table 2.

D-(+)-glucose monohydrate DSC thermogram (Fig. 2b) shows a
sharp melting peak located at 82.0 °C upon first heating. This peak can
be attributed to the melting of monohydrate glucose and is in good ac-
cordance with literature [26,27]. In the high temperature side of this
peak, a shoulder due to the evaporation of the crystallization water is
observed. The absence of a broad endotherm due to evaporation of
loose water before the melting, means that no water adsorption oc-
curred during storage and/or manipulation. It is reported that after the
release of crystallization water, monohydrated glucose converts to its
anhydrous form that melts at 150 °C [28,29], above the detection limit
of theDSCmeasurements. Nevertheless, upon cooling vitrification is ob-
served indicating that crystallization of anhydrous glucose was fully or
partially avoided. In the subsequent heating, a glass transition is clearly
identified by a step in the heat flow as depicted in the inset of Fig. 2b,
having a mid-point of ca. 40 °C, close to the reported value [30]. No re-
crystallization is observed in the subsequent heating and cooling
scans. The detected glass transition is consistent with the empirical
rule, Tg ~ 2/3Tm [31], considering Tm of anhydrous glucose.

Thermogram of bulk urea (Fig. 2c) does not present any thermal
event below 100 °C. On the other hand, when heated up to 160 °C the
melting peak is observed at Tm = 134.6 °C very close to that reported
in literature (136.36 °C [32]). We can conclude that the fresh sample
is completely crystalline due to the absence of a glass transition. The lat-
ter is only observed upon further cooling, during which it also partially
recrystallizes at Tonset = 84.3 °C. The temperature of the onset of the
glass transition of the semicrystalline material taken on heating is
5.5 °C. The recrystallized sample shows a complex melting profile
with three different melting peaks.

For DL-(±)-proline (Fig. 2d), during the first heating, a broad endo-
therm just above 40 °C is registered, partially submerged under a sharp
peak located at ca. 71 °C. In accordance with literature, this has been at-
tributed to either dehydration of racemic proline, or polymorphic con-
version [33]. Most probably the coexistence of both phenomena
occurs since a shift in the baseline is observed, compatible with mass
loss due to dehydration (broad endothermic event), being followed by
Fig. 3. Heat flow thermograms of G:U:P (1:1:1) and P:G (5:3) collected at 10 °
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polymorphic conversion. In fact, when cooling the sample after partial
dehydration (cooling 2) an exothermic peak is detected at 46 °C; in
the subsequent heating run (heating 3), an endothermic peak, although
highly depleted relatively to the 1st heating, is detected in a similar tem-
perature range also affected by a shoulder in the low-T side due to re-
maining water evaporation. In the cooling and heating 3 runs (inset of
Fig. 2d) only sharp peaks are detected pointing to polymorphic conver-
sion. No glass transitionwas detected and so thematerial is fully crystal-
line; however, the melting is not detected since it is reported at much
higher temperature range, between 208 and 210 °C [34].

Concerning the prepared NADES, the thermograms of G:U:P (1:1:1)
and P:G (5:3) are represented in Fig. 3. In the temperature range stud-
ied, −80 to 100 °C, only the signal of the glass transition is observed.
This means that NADES exist in the amorphous state and therefore,
are classified as glass-formers, as previously observed for other NADES
[35]. On the other hand, NADES's pure constituents are crystalline in
the original state exhibiting a distinct thermal behavior. Moreover, a
single glass transition is detected for NADES, indicating that the systems
are homogeneous. NADES's homogeneity and lack of crystallization in a
wide temperature range make them good candidates as cryoprotective
additives (CPA).

Itmust be noted that the preparedNADES contain awater amount of
10 wt% which is being continuously removed during the successive
heating runs. In fact, the glass transition temperature (Table 2) increases
from−47.7 to−35.2 °C for G:U:P, and from−39.6 to−32.5 °C for P:G
(heating 3), which puts in evidence the water plasticizing effect, as re-
ported for sugar based NADES [35]. To explore in more detail the effect
of mixing water with NADES, a set of mixtures with increasing water
amounts were prepared and analyzed by calorimetry.

The influence of NADES inwater thermal behavior can be seen in the
thermograms presented in Figs. 4 and 5 for G:U:P (1:1:1) and P:G (5:3)
respectively.

For xG:U:P=0.9 no crystallization/melting events are observed, as al-
ready statedwhile commenting Fig. 3(a), and only the glass transition is
detected. For sample xG:U:P = 0.8, recrystallization is observed on
heating (cold-crystallization) with Tc,cold(onset) = −48.4 °C, and with
melting occurring immediately above (Tm(min) = −25.1 °C). Recrys-
tallization is found for samples with xG:U:P ≤ 0.7, however, coming
from the melt and with a profile similar to bulk water, with the respec-
tive onset increasing with the water content increase (xG:U:P between
0.6 and 0.1). This effect of the melting temperature dependence with
water content can also be seen in Fig. 6. Mixtures with xG:U:P ≤ 0.6 ex-
hibit a glass transition around−65 °C, being less affected by the water
content. The presence of a glass transition in these mixtures H2O/
NADES indicates that they are partially crystalline.
C/min under successive cooling/heating cycles between −80 and 100 °C.



Fig. 4. Heat flow thermograms of H2O with addition of different wt% of NADES G:U:P (1:1:1): (a) cooling and (b) heating, at 10 °C/min. Insets represent the enlarged temperature range
selected for certain NADES/H2O compositions.

Fig. 5.Heat flow thermograms ofH2Owith addition of differentwt% ofNADES P:G (5:3) (a) cooling and (b) heating, at 10 °C/min. Insets represent the enlarged temperature range selected
for certain NADES/H2O compositions.

Fig. 6. Thermal maps reflecting the thermal events detected by DSC for water and NADES, concerning the melting temperatures (a), and crystallization and cold-crystallization
temperatures (b) (values of Tm were taken at the melting peak maximum and values for Tc were taken at the onset of the corresponding peak).
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Fig. 7. POM images of pure water and water and NADES mixtures. It should be noted that magnification used to observe the P:Gmixture (50× or 20×) is higher than that used for G:U:P
ones (4×) and for water (10×).
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For P:G (5:3) (Fig. 5) crystallization/melting is completely sup-
pressed from xP:G = 0.9 to 0.8 only the glass transition is observed.
When xP:G = 0.7, a cold-crystallization event is detected, having an
onset at −83.1 °C (see blue line in Fig. 5(b)), followed by a melting oc-
curring at−39.7 °C (Tm(min)). For samples with xP:G < 0.7, recrystalli-
zation is detected, but coming from the melt, and exhibiting a thermal
profile similar to the one of bulk water. Nevertheless, because a glass
transition (inset Fig. 5(b)) is still detected for these mixtures, they are
semi-crystalline, with a melting temperature increasing with the
water content.

The dependence of the temperatures of melting and crystallization
(Tc, taken at the onset of the crystallization peak) with composition of
H2O/NADES mixtures is plotted in Fig. 6.
7

The crystallization temperature of water is also affected by the pres-
ence of NADES. Considering G:U:P, small additions of these NADES cause
an increase in Tc relative to the one of pure H2O, but below xH2O= 0.6, a
decrease in Tc is observed, being more significant for these lower water
amounts, and inducing amaximumΔTc of 22.1 °C. NADES P:G decreases
Tc of water and follows the same trend of lowering it to a greater extent,
when xH2O is below 0.6, having amaximumΔTc of 20.8 °C.

On the other hand, G:U:P and P:G cause a decrease in the melting
temperature of water, which becomes more expressive for xH2O < 0.6;
G:U:P (1:1:1) induces a maximum ΔTm of 23.3 °C, and P:G (5:3) a
ΔTm of 16.25 °C.

This can be attributed to the fact that for these water and NADES
fractions, the interactions established between H2O-NADES species are



Fig. 8. Cell viability screening after 24 h in contact with different amounts of NADES/H2O
mixtures andDMSO. These results were obtained as an average of 3 different experiments
and the error bars result from determining the respective standard deviation.
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stronger than the ones established between H2O itself, affecting the or-
ganization of H2O molecules and influencing its crystallization temper-
ature to a greater extent. The supramolecular structure of NADES is
maintained via hydrogen bonds established between the species com-
posing the eutectic system, as reported by various authors [36,37]. How-
ever, Dai et al. [38] have reported that this supramolecular structure of
DES such as 1,2-propanediol:choline chloride is affected by the presence
of water and that above a xH2O = 0.5 wt% the hydrogen bonding net-
work is disrupted, and consequently the DES’ structure, yielding an
aqueous solution of the DES components. Thiswas also observed byGu-
tierrez et al. [39] for the case of choline chloride:urea with addition of
different amounts of water. Taking this information into account, it is
reasonable to hypothesize that the behavior of H2O/NADES mixtures is
differentwhen xH2O is above and below 0.6. Below xH2O=0.6 the inter-
actions between theNADES components and between H2O-NADES pre-
vail, leading to a more noticeable effect on the thermal behavior of
water. Above xH2O = 0.6 the interactions between H2O molecules are
dominant, as well as the interactions of H2O with the individual
NADES components, leading to solvation and disruption of NADES
structure, having a less significant impact in the water thermal proper-
ties (specifically Tm and Tc).

The influence of the addition of G:U:P (1:1:1) and P:G (5:3) in the
thermal behavior of water, was further investigated using polarized op-
tical microscopy (POM) of water with and without different xNADES.

Fig. 7 shows some representative images obtained for H2O, andmix-
tures of H2O with 60 wt% G:U:P and 30 wt% of P:G.

From microphotographs taken at −80 °C, it is clear that crystalline
structures formed in mixtures are different from that observed for
pure water (Photo 1). For xG:U:P = 0.6, on cooling, spherulites were
formed (just below −50 °C) and nearly simultaneously small crystals
appear superimposed (Photo 2). This crystallization temperature is
close to that observed in DSC thermograms for samples with close xG:
U:P fraction (xH2O = 0.4, xG:U:P = 0.6) and such difference could be
due to the different configuration of sample holder in POM and DSC ex-
periments. InH2O/P:Gmixture (xH2O=0.7,xP:G=0.3), therecrystalliza-
tion is observed close to−30 °Cwith a sand-like appearance (Photo 3).
Comparingwith results obtained fromDSC, such crystallization temper-
aturewould correspondtoa samplewithxH2O around0.7, ingoodagree-
ment with POM observations. For both cases, it must be noted that DSC
thermograms indicate that the samples are not totally crystalline, i.e.
they still present an amorphous fraction.

Onheating, around−50 °C, H2O/G:U:Pmixture changes from spher-
ulitic morphology to a sand-like one (Photo 4). In this temperature
range, a discontinuity is seen the DSC thermogram (see inset in
Fig. 4b), which can be associated to the polymorphic transition observed
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by POM and/or the cold-crystallization of the fraction that is still amor-
phous. The onset of melting occurs around −25 °C and extends nearly
0 °C due to the overlapped melting of small crystals formed on cooling
(Photo 5). In P:G mixture, only sand-like structure is observed, and
only small crystals are found, with an overall melting process ending
close to−1 °C.

For both NADES studied by POM the extended melting process is in
agreement with the broad melting endotherms observed by DSC. The
small crystals detected in both cases are probably due to water-rich
micro-domains.

From POM results, the H2O/P:G mixture shows a crystallization/
melting behavior less complex than H2O/G:U:P mixture, and also that
in the presence of P:G (5:3) smaller crystals are formed. These smaller
crystals can potentially be less harmful for cryopreserved cells, since
the probability of cryoinjury due to ice crystal formation would be di-
minished. These results show that the studied NADES, P:G (5:3) in par-
ticular, have potential application as a CPA.
3.3. In vitro biological performance

The focus of this work is to study the thermal behavior of water
when G:U:P (1:1:1) and P:G (5:3) are added to it, and their possible
use as cryoprotective agents (CPA). A CPA should be able to avoid ice
formation, or prevent the formation of large ice crystals, which lead to
cell disruption and hence compromise its viability [8]. Nevertheless,
the CPA should also be non-toxic to the preserved cells or tissues. The
cytotoxicity of a CPA is also dependent on the amount of CPA present,
temperature and time of preservation [8]. Cytotoxicity of the NADES
under study was evaluated, in different concentrations. It must be no-
ticed that the results obtained are the result of the freeze and thawing
rates used in this work (see experimental).

Fig. 8 represents cell viability when cells are exposed to different
concentrations of NADES and DMSO at 37 °C. As it can be seen, DMSO
is toxic even for concentrations as low as 1 wt%, and the studied
NADES exhibit much lower toxicity. Citotoxicity is obviously dependent
on the amount of CPA added to cell medium, increasingwith its increas-
ing amount. When H2O/ NADES mixtures have a higher water content,
its cytotoxicity is also lower. Between the two different NADES under
study, their cytotoxicity presents close values.

One of the common ways to overcome the toxicity of DMSO, is to
trypsinize and centrifuge the cryopreserved cells, to take out all the sol-
vent remaining after thawing. However, this procedure does not inval-
idate the possibility of some DMSO residues remaining in the cells. As
seen from Fig. 9, even low concentrations of DMSO used as CPA can se-
riously compromise cell viability, so all DMSO must be removed from
cell medium, requiring an effective separation process. This time con-
suming and delicate separation step could be overcome if the CPA
could be kept in the medium, given it has low toxicity.

To evaluate this possibility, cells were frozenwith different amounts
of H2O/NADES mixture (referent to the compositions xG:U:P = 0.1 and
xP:G= 0.1) for a long time period (2months). In this sense, the possibil-
ity to cryopreserve cells without compromising their viability when
thawed was evaluated using the same immortalized cell line, L929.

Although theMTS assay results present lower cell survival at passage
0 (P0) when they are cryopreserved in the presence of both NADES
under study, the same is not observed after the first passage (P1),
where cell survival has similar values to the ones cryopreserved using
DMSO. The number of passages refers to the number of times the cells
were subcultured, meaning that they are trypsinized, frozen and
thawed, and subsequently resseded. P0 refers to cell expansion upon
freezing, and P1 to the subsequent subculture. This effect is also ob-
served in cells cultured for 72 h. This means that cells preserved with
NADES G:U:P (1:1:1) and P:G (5:3) for long periods of time, are able
to be recovered, and that cell viability using NADES yields the same re-
sults as when using DMSO. This is an indicator that these NADES can



Fig. 9.MTS assay of L2929 cells recovered after 2months, cryopreserved with the different cryoprotective agents, at 24 h and 72 h of culture for L929 cells in passage 0 (P0) and passage 1
(P1) after thawing. These results were obtained as an average of 3 different experiments and the error bars result from determining the respective standard deviation.
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truly have a role in the cryopreservation of cells, representing an alter-
native solvent to DMSO, providing a more sustainable alternative.

4. Conclusions

With this work, the possibility to use NADES to influencewater ther-
mal behavior, was evaluated. Consequently, the application of NADES as
cryoprotectant agents (CPA) for cell line preservationwas also assessed.
The NADES under study, G:U:P (1:1:1) and P:G (5.3), were added to
water in different amounts, and the impact on its thermal behavior
was studied via DSC experiments. These NADES can be simply prepared
by mixing the individual components, in the specific molar ratio, and
mild heating. The final NADES formmainly due to hydrogen bond inter-
actions, as it was suggested from the FTIR-ATR results presented in this
work. The water content of the prepared NADESwasmeasured by Karl-
Fischer titration, yielding values of 10 wt%.

DSC studies of water and the systematic addition of different
amounts of NADES G:U:P (1:1:1) and P:G (5:3), allowed to study the in-
fluence of these additives in terms of water thermal behavior. It is clear
that bothNADES alter thewater crystallization andmelting events. High
NADES fractions lead to a total suppression of crystallization (always
with melting temperatures lower than that of pure water) while
lower fractions induce changes in the crystallization temperature that
can be decreased relatively to purewater, up to 22.1 °C by adding a frac-
tion of xG:U:P=0.7, and 16.2 °C adding xP:G= 0.6. Following the crystal-
lization by POM, it can be concluded that not only the crystallization
temperature changes but also the amount and shape of crystals. Partic-
ularly, addition of NADES P:G (5:3) induces a significant ΔTc when it is
present in lower amounts in H2O than G:U:P mixture, meaning that
less NADES is needed to lower the crystallization temperature. As ob-
served by POM, The presence of P:Gbesides causes crystals to have a dif-
ferent morphology to that of bulk water (as observed by POM), but also
smaller crystals are formed, which may avoid the disruption of the cell
walls, being as consequence a good candidate to be used as cryoprotec-
tive additive (CPA).

The determination of the citoxicity of theseNADESwas also assessed
in in vitro studies of cell viability. The NADES were compared with the
most widely used CPA for cryoprotective purposes, DMSO, and NADES
showed to be less toxic to L929 cell lines, evenwhen present in amounts
such as 10 wt% in cell medium.

The study carried out in this work shows that NADES composed
by sugars and aminoacids can have a role as potential CPA to be used
for cryopreservation studies. The DSC data allow to accurately see
the influence of different amounts of NADES in the water thermal be-
havior, which, to best of our knowledge has not yet been reported.
9

Furthermore, the in vitro cell viability and cell survival studies also per-
formed in this work, relate the thermophysical studies with the envis-
aged applications, providing multidisciplinary and more complete
information on the possible application of NADES as cryoprotectant
agents.
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