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Abstract

Natural Deep Eutectic Systems (NADES) composed of sugar and sugar alcohols have been studied
and applied in a variety of biological applications. Understanding their interaction with water
across dilution and temperature is inherently important for maximizing the utility of NADES.
Herein a wide range of sugar:sugar-alcohol molar ratios were synthesized and characterized by
viscosity, molar excess volume, differential scanning calorimetry, water activity, and confocal
Raman cryomicroscopy. NADES were found to have greater viscosity, reduced heat of fusion,
greater absolute molar excess volume, lower water activity, and stronger hydrogen bonding

of water than non-NADES mixtures. This is hypothesized to be due to cumulatively stronger
hydrogen bonding interactions between components in pure and diluted NADES with the strongest
interactions in the water-rich region. This work provides useful data and further understanding

of hydrogen bonding interaction strength for a wide range of molar ratios in pure to well-diluted
forms.
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1. Introduction

Deep eutectic systems (DES) are characterized by strong hydrogen bond donor (HBD) and
hydrogen bond acceptor (HBA) interactions.1:2 These mixtures have a lower melting point
than any of the their individual components. Common HBASs include choline chloride and
sugars, while common HBDs include urea and glycerol. Glyceline, for example, isa 1.2
molar ratio of choline chloride and glycerol that has been well characterized in both pure
and diluted with water forms in the literature.3- Interactions between the components of
DES have been investigated with nuclear magnetic resonance (NMR), neutron scattering and
x-ray diffraction as well as in molecular dynamics studies.® Other common characterization
includes viscosity, density, and differential scanning calorimetry.”:8 The definition of a DES
is generally taken as a solvent in which (1) the components mix forming a transparent liquid
and (2) the liquid has a melting point lower than any involved component.

DES from natural components, or NADES, also meet the definition above but the
components are from natural sources such as metabolites, sugars, amino acids, sugar
alcohols.® Common NADES involve a sugar as the hydrogen bond acceptor and glycerol

as the hydrogen bond donor such as a 1:30 molar ratio of trehalose and glycerol.5 NADES
often have high viscosity and density compared to other solvents, which is attributed to
strong hydrogen bonding as studied with NMR.10 Their value over other DES include higher
sustainability, easy and inexpensive preparation, and low toxicity.11

These solvents are often diluted with water to facilitate their application with biomolecular
and biological systems. Such dilution can drastically change the physical properties and
stability of NADES as the system interactions are altered. Three regimes have been
described as water is added to a DES: water in a DES, hydration of the DES network,

and DES components in aqueous solution.® Water in NADES can qualify as NADES but
would be more appropriately defined as a ternary NADES with HBA:HBD:Water. When
the interactions are further solvated or hydrated the eutectic point molar ratio may not be
maintained as components are not necessarily stoichiometrically distributed to these other
structures.12 This can change the solvent properties in a complex manner as the components
bond more favorably to the solvent than to each other.13 Despite this, the components may
not be fully hydrated at a ninety percent molar fraction of water.1* The transition toward a
disrupted network for water on NADES is typically from 50 to 90 molar percent water.15-17
Characterization of relevant properties from pure NADES to diluted mixtures may provide
additional insight and evaluation of component interaction strength with dilution.

NADES have been applied in biopreservation to take advantage of the strong interactions
and thermal properties.5:18-21 Unlike DMSO, a commonly used cryopreservative, NADES
have desirable attributes including minimal to no toxicity at high concentrations, ability
to modify water and ice from a strong hydrogen bonding network, and formation
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of biomolecular stabilizing glassy matrices.22 For example, trehalose, among other
carbohydrates, can form glassy matrices with diluents such as sugar alcohols to stabilize
biomolecules. The diluent and concentration affects the glass transition temperature and

the degree of plasticization of the matrix by the diluent.23 Water activity, an important yet
underutilized property, measures the potential for water to contribute in reactions and phase
changes between different solvents and may reflect the ability of NADES to modify water.24

Potential uses of these NADES include preservation of biologics (e.g., vaccines, proteins,
cells, tissue), stabilization of proteins, and using the osmolyte system to modify the
properties of biological fluids. Similar NADES have already been applied for DMSO-free
cell preservation and outperformed DMSQO-based preservation in post-thaw viability and
function.19-21.2526 A 1:30 molar ratio of a trehalose:glycerol NADES has been used to
extend the room temperature storage duration of virus-like particles (VLP) displaying
influenza glycoprotein on the particle surface.1® Additional uses of NADES include “green”
extraction and sorption solvents and reaction media for catalyzed and non-catalyzed organic
and biological reactions.2” These latter applications are most suited to pure or minimally
diluted NADES.

NADES of amino acids, malic acid, lactic acid, and betaine have been studied and
characterized.1028-30 NADES with high acidity or containing ammonium molecules can

be toxic to cells.30:31 Sugars and sugar alcohols are osmolytes that are also present in
freeze-tolerant species and studied for cryopreservation of cells previously.32 In this work
we synthesized and characterized pure sugar (A) with sugar-alcohol (B) solvents (A:B) of a
“high” (1:36) molar ratio and low ratio as limited by solubility of A in B. Pure and water
diluted solvents were characterized by density, viscosity, DSC, water activity, and Raman
spectroscopy.

2. Materials and Methods

2.1 Materials

Trehalose dihydrate (Tre, >99%), glucose (Glu, >99.5%), sorbitol (Sorb, 98%), and choline
chloride (ChCl, 98%) were obtained from Sigma-Aldrich. Glycerol (Gly, 99.5%) was
obtained from HUMCO, propylene glycol (PG, 99.5%) was obtained from NDL, and
Normosol-R was obtained from ICU Medical. All reagents were used as received except
for choline chloride, which was heated at 110 °C for three hours and stored in a desiccator
prior to use.

2.2 Synthesis and Dilution

Samples were prepared by mixing components at the target molar ratios in capped glass
vials and heated at 60 °C for at least 12 hours. Samples were left to cool at room temperature
for at least 72 hours prior to visual and microscopic check by polarized optical microscopy
for particulates. The low ratio of A:B was found by attempting synthesis of increasingly
higher solid (A) content until the solubility limit of A in liquid sugar alcohol (B) was
exceeded. The ratio was then slightly increased to obtain a liquid sample. A ratio of 1:36

and the low ratio formed the concentration range for characterization. Pure A:B samples
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were characterized prior to dilution with Normosol-R (“water”, W), an isotonic solution of
balanced electrolytes, to A:B weights of 90, 70, 40, and 10 % in solution. Water content
provided by trehalose dihydrate (Tre-2H,0) in trehalose based samples was accounted for in
characterization data plots.

2.3 Polarized Optical Microscopy (POM)

10 uL of NADES was pipetted on a glass microscope slide and a #1.5 coverslip placed on
top. Transmitted and polarized light inspection was performed at room temperature on a
Leica microscope with an eyepiece mounted AmScope 18 megapixel CMOS camera. Image
analysis was performed in FIJI (1.53c).

2.4 Viscosity and Density

Viscosity measurements were performed with a TA Instruments Discover HR-2 equipped
with a standard cup and DIN rotor geometry, a Peltier concentric cylinder system, and

a liquid temperature control unit. Rotational mapping, inertia, and friction calibration of
the rotor was performed prior to every test. Each sample was run with a constant shear
rate of 10 s~1 at room temperature (20 °C) after temperature equilibration to within 0.02
°C. Data was logged and analyzed with TA Instruments TRIOS software (5.1.1). Density
measurements were performed by carefully weighing 10 mL Gay-Lussac glass bottles of
calibrated volumes on a Mettler Toledo analytical balance.

2.5 Molar Excess Volume

Pure sample density data were converted to molar volumes (V;;;) with the following equation

1
Vin= % (x4.pM 4. B) = * (XqM 4 + xpM p) @

PA:B PA:B

where pa.5is the density of pure A:B, x4.gis the molar fraction of A:B, and M 4.z is the
molecular weight of A:B. Molar volumes of diluted samples were calculated by:

1
Vin= o (xa: M a: B+ Xw M) @

where x,y/is the molar fraction of water and #,y/is the molecular weight of water.

Molar excess volume (V,,£) was calculated from the measured densities of pure and diluted
samples and known sample compositions with the following equation:

E 1 1
Vin = - )xA:BﬂA:B"‘(
PA:B:W  PA:B, pure

o)
- —\|xw A 3
PA:B:W  PW waow @

The excess volume is zero at the composition limits of pure A:B and pure water.

2.6 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed on a TA Instruments Differential
Scanning Calorimeter Q1000. Samples were pipetted into Tzero aluminum hermetic pans
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(DSC Consumables) with a sample mass of 7-10 mg and then hermetically sealed. The
temperature profile is as follows: (1) equilibrate at 40 °C, cool at 10 °C/min to —150 °C, heat
at 10 °C/min heating to 60 °C. An empty pan is used as a reference.

Data were analyzed using TA Universal Analysis (4.5A). The exothermic peak on
rewarming was used to calculate the melting temperature and heat of fusion. These were
determined by using the Sigmoidal Tangential peak integration function to account for a
change in baseline before or after the peak. Melting temperature was defined as the onset of
the endothermic peak and heat of fusion was defined as the area of the endothermic peak.
Glass transition and softening temperatures were determined by differentiating heat flow
data with respect to temperature.

2.7 Water Activity

An AqualLab CX3 chilled mirror dew point based activity meter was used to measure
water activity of pure and diluted samples. 7-10 mLs was added to a sample cup and

placed into the instrument where one warm-up reading was taken for each sample type
followed by recorded readings after stable test cycles. Ideal, non-interacting water activities
were calculated from the Ross and Norrish equations. Derived from the Gibbs-Duhem
relationship the Ross equation (eq. 4) for water activity assumes the components are non-
interacting with each other (A:B) and mix completely in water. The final water activity is a
product each component’s effect on water individually with reasonable accuracy despite its
simplicity.

Ross model: A, A:B:W = Qu, saline * Qw, A:W * Qu, B:-W (4)

Where aya:8:w Awsatine dwA:-ws awA:p are the water activities of the final mixture, of
the saline solution used for dilution, of A in water, and B in water respectively. Single
component water activities are predicted with the Norrish (eq. 5) containing an empirical
constant.

Norrish equation: ay, j.yw = Xy * exp[K * (xi)z] (5)

where a,,;-1y/is the water activity of a component /in water, x,, and x;are the mole fractions
of water and component 7respectively, and K'is the Norrish constant.

2.8 Raman Spectroscopy

Confocal Raman spectroscopy was performed on a WITec Confocal Raman Microscope
System Alpha 300R with a UHTS300 spectrometer and a DV401 CCD detector with
600/mm grating and a 532 nm wavelength Nd:YAG excitation laser. The WITec
spectrometer was calibrated with a Mercury—Argon lamp. A 100x objective (0.90 NA) were
used to focus the 532 nm excitation laser. Laser power at the objective was 10 mW as
measured by an optical power meter. Lateral (X-Y) resolution was approximately 0.3 um
based on Abbe’s diffraction limit. 1 L of sample were pipetted onto a four-stage Peltier
connected to a temperature controller. A piece of mica was placed on top of the sample
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to minimize evaporation and sublimation during imaging. Frozen samples were imaged at
-10 °C after manual nucleation of ice by briefly touching the sample with a liquid nitrogen
cooled needle.

Spectra were obtained by rastering the laser over each pixel with an integration time of 5
seconds. Raman images were generated by integrating Raman spectra over all pixels for

a given wavenumber range for the component of interest. Spectra were normalized in the
800-1400 cm™1 region and smoothed with LOESS smoothing. At 100x the field of view is
15x15 um and 37.5x37.5 pm at 40x. Images were deconvolved using the theoretical point
spread function through FI1JI (1.53c).

2.9 Statistics

The null hypothesis was defined as no statistically significant difference between any

pair of samples or concentrations. One-sample hypothesis tests were performed using a

T distribution for DSC measurements with a 95% confidence level. Two-sample t-tests
were performed for comparisons between samples for other characterization measurements.
ANOVA was corrected for multiple sample comparisons using Tukey HSD and performed
for comparisons between multiple samples.

3. Results and discussion

3.1 Synthesis, POM Inspection

Three different solids (A) and two liquid sugar alcohols (B) were evaluated in this study.
Trehalose (Tre), glucose (Glu), and sorbitol (Sorb) were selected to include a disaccharide,
monosaccharide, and a solid form of a sugar alcohol respectively. Glucose can exist in

ring and straight chain forms in solution whereas sorbitol, a sweetener, does not form a
ring structure. Glycerol (Gly) and propylene glycol (PG) were selected as known sugar
alcohols that penetrate cells for cryoprotective benefit but are likely to form NADES

and non-NADES solvents given their melting temperatures. Glyceline, a well-studied DES
formed from a 1:2 molar ratio of choline chloride and glycerol (ChCI:Gly) was chosen as a
benchmark DES for this study.34

Two molar ratios for each A:B component combination were synthesized. The first ratio,
1:36, corresponds to a solid (A) content of about 3 molar or 5 weight percent, and was
chosen for its similarity to a known Tre:Gly NADES of 1:30. The second ratio depended
on the solubility limit of the solid (A) in the liquid sugar alcohol (B).6 These ratios are not
necessarily the eutectic point composition but may qualify as a NADES from melting point
data compared to the components. Table 1 lists these ratios for each A:B combination.

The evaluation of these solvents for NADES behavior is outlined in Fig. 1. In short, the
molar ratio was lowered from 1:36 until solutions no longer formed a stable, clear liquid.
Stable solvents were then checked under polarized optical microscopy for particulates and
then differential scanning calorimetry (DSC) for pure and 10 weight percent A:B solvents
in saline solution. Glucose achieved a much lower molar ratio, or higher solids content,
than trehalose likely due the smaller size of a monosaccharide having an easier solvation
into the solvent than a disaccharide. Glucose could achieve 1:10 and 1:6 molar ratios in
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Gly and PG respectively than 1:30 and 1:18 for trehalose respectively. Propylene glycol
mixtures could obtain higher solid content than glycerol NADES and sorbitol could reach
highest solid content than glucose or trehalose. For 1:2 Sorb:PG, sorbitol comprised 54
weight percent of the mixture. While this may indicate a greater tunable range of properties
for these two components, this does not necessitate NADES behavior. Pure solvents were
further characterized by viscosity, DSC, and water activity with properties summarized in
Table 2.

3.2 Viscosity

Dynamic viscosity of solvents was obtained by evaluating response to shear rate (0.1 to 100
s1) then measuring viscosity at a constant shear (10 s™1). For molar ratio combinations

in Table 1, glycerol (Gly) based solvents had a viscosity range from 424 to 7324 mPa-s
whereas propylene glycol (PG) based solvents had a range of 5.6 to 123 mPa-s at room
temperature. Newtonian behavior was observed for all solvents for shear rates of 0.1 to 100
s~1 as well as the glyceline benchmark. Similar viscosity ranges and Newtonian behavior
were observed for other NADES at the temperature evaluated in this study.310:33 Al|
solvents show increasing viscosity with greater solids (A) content. In a solid:solid solvent
of citric acid (HBD) and sucrose (HBA), the viscosity increased with an increase in HBA
mass fraction as seen for these systems indicating more intermolecular hydrogen bonding
could also attribute to these high viscosities.343> At the 1:36 molar ratio, the viscosity of
Gly solvents are similar, likely overshadowed by the high viscosity of glycerol, whereas the
viscosity of PG solvents are significantly different with Tre:PG having the largest viscosity
possibly due to trehalose’s larger molar mass. Pure glycerol has a greater viscosity than
propylene glycol and no A:PG combination had as high viscosity as any A:Gly sample. This
is due in part to propylene glycol having one less hydroxyl group available for hydrogen
bonding than glycerol.

Versus temperature—Cooling from 20 to -5 °C resulted in a viscosity increase by
factors of 3.5 to 21.7. All solvents showed Arrhenius-like behavior (Fig. 2a) and Newtonian
behavior. The flow activation energy, E,, was determined from the Arrhenius model and
ranged from 52.4 to 80.5 kJ/mol for Gly and 33.1 to 60.2 for PG based solvents. These
ranges agree with the benchmark DES glyceline, as well as similar NADES.3:10.36.37
Activation energy seemed to depend on the choice of components rather than the molar
ratio with the exception of Sorb:PG. The activation energy nearly doubles for the Sorb:PG
solvents which could be attributed from the weight percent increase of sorbitol from 6% to
54% from the 1:36 to the 1:2 molar ratio solvents.

With dilution—As water is added, viscosity rapidly and continuously decreases even when
crossing the A:B interaction network is disrupted by water (Fig. 2b, c). Water at low content
may fit between interstitial spaces or even enhance interaction strength for other properties,
but at 90 weight percent A:B viscosity drops to about a tenth of pure A:B solvents for

Gly and drops by a third for PG solvents. Across dilution there is no differing behavior

of NADES vs. non-NADES solvents and Newtonian behavior is still observed. At 40
weight percent A:B, Glu:PG, Sorb:PG, and Sorb:Gly are significantly different comparing
low vs 1:36 molar ratios suggesting differences in viscosity are due to composition and
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not necessarily NADES behavior. An analysis of the excess viscosity was performed (S1)
showing negative excess for NADES solvents and little to no excess for non-NADES
solvents.

3.3 Density

Densities of pure and diluted solvents were obtained at room temperature through simple
weighing experiment with a calibrated Gay-Lusaac bottle. This data is useful for comparing
strength of interactions between components and for the calculation of molar excess
volumes (3.4). For combinations in Table 1, glycerol based solvents had a density range

of 1.192 to 1.319 g-cm~3, whereas propylene glycol solvents had a range of 1.050 to 1.233
g-cm~3 at room temperature (Figure S 1). These ranges fall within the common range for
other reported NADES (1.04 to 1.63).3:6:34 Only the 1:2 Sorb:PG solvent had a density
greater than any Gly based solvent. Greater densities with glycerol are likely due to the extra
hydroxyl group for hydrogen bonding as the density of pure glycerol and propylene glycol
are different. All solvents had a greater density with greater solid content (lower A:B ratio)
suggesting favorable interactions between components. At the 1:36 molar ratios, trehalose
had a significantly greater density for both Gly and PG based solvents likely due to the
greater molecular weight of trehalose.

As water is added the density decreases approximately linearly for all solvents, which is
consistent with a choline-glucose system with a greater number of intermediate dilutions
(S1 2).316 Across all dilutions, no differing behavior of NADES and non-NADES solvents
was observed. Water is expected to affect the molecular packing of the A:B system and
reduce the hydrogen bonding interaction between A:B. Additional water disrupts the A:B
solvent until the system is effectively A and B in water. Density decreases with dilution
although this disruption does not imply the cumulative strength of interactions of A, B, and
W is reduced. Unlike viscosity, the percent change in density was much less with dilution
meaning the kinematic viscosity would be driven most by the dynamic viscosity of the
pure components. All low vs. 1:36 molar ratios are significantly different across dilution
except for Tre:Gly and Glu:Gly (1:30 and 1:10 vs 1:36 respectively) reflecting this method’s
sensitivity to compare solvents.

3.4 Molar Excess Volume

Molar excess volume compares the measured or real molar volume of a mixture to the

ideal mixture and hence quantifies the non-ideal behavior of mixtures. The molar volume
for an ideal mixture is additive and assumes no interaction between the components. At

the extremes of composition, the concentrated component mostly interacts with itself and at
x=1.0 the excess volume is zero. In equation 3, the pure density data (table 1) is used for
PA:B, pure FOI trehalose, x,y is plotted as non-zero in Fig. 3 (a-b) from the dihydrate with
trehalose.

A negative excess molar volume indicates the solvent is smaller, or denser, than expected
for the ideal mixture indicating favorable interactions between components. A positive
excess indicates a larger volume than expected indicating repulsive interactions between
components. Negative excess volumes were seen for all compositions with more negative
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excess volume. This suggests the interactions with added water are energetically favorable
compared to A:B intermolecular interactions alone. The overall interaction strength
continues to increase with added water until a maximum is obtained when the solvent
reaches between 90 and 98 molar percent water. Further negative excess volume with
added water suggests that the additional interspecies interactions with more water are more
favorable than the A:B interactions alone.

None of the solvents reached an absolute excess volume that glyceline has (approx. —0.39
cm3.mol~1) for any dilution. The Gly solvents did reach the excess volume (approx. —0.34
cm3-mol~1) of glyceline at high dilution but no PG solvent did. Water is relatively small
compared to the A:B components and could occupy interstitial spaces in the A:B network
as observed in scattering studies with low dilution.3:38 This is observed with a slight to
moderate negative excess volume at low x,,. Additional water would begin to solvate the
A:B network and form hydration structures until the system becomes A and B in an aqueous
system. This breakdown point is not clear as the minimum is well within the water-rich
region whereas other studies suggest a breakdown between 30 to 50 weight percent water
(approx. 0.7-0.85 x,y). Additionally, a molecular dynamics study of polar and non-polar DES
indicate even at 0.90 x,, not all components are fully hydrated, showing non-ideal mixture
properties.14

Interestingly, while the lower ratio (hollow markers) Gly solvents had reduced excess
volume compared to their 1:36 counterparts (solid markers), the opposite was observed
for the PG solvents where 1:36 combinations had reduced excess than their lower ratio
counterparts. This could point to PG being a non-NADES component in these mixtures
where the solid component (A) would be favored over more PG, as in a lower A:B

ratio, when diluted. The relatively flat region for figure 3B was unexpected given the
smooth density data curve obtained across dilution (figure S2) and the closely matching
data obtained here compared to previously published molar excess volume for glyceline
(ChCI:Gly 1:2).39 The variance in the molar excess volume for propylene glycol samples
is higher than glycol and the excess volume relies on differences in density rather than the
absolute densities. Overall, the PG samples had reduced excess volume than Gly samples
and additional concentration datapoints would smooth the dataset for a Redlich-Kister fit.

3.5 Differential Scanning Calorimetry

Glass transition of pure solvents (table 2) were obtained with a programmed temperature
profile ranging from 60 °C to —150 °C. Enthalpy of fusion, melting and glass transition
temperatures were obtained for 10 weight percent A:B solvents (table 3). For pure samples,
the only thermal event in the temperature range was a glass transition indicating solvent
stability and homogeneity (Fig. 4a). Pure glycerol based solvents had a Tg range of —68

to —78 °C and propylene glycol solvents ranged from —83 to —106 °C. It is known that
NADES are glass formers but glass formers are not necessarily NADES.1340 The addition
of solid (A) raised glass transition compared to pure glycerol (-82 °C) or pure propylene
glycol (=106 °C), with the lowest glass transition possible driven by the choice of sugar-
alcohol. Given the similar structures of components for these samples, the differences in
glass transition suggest Gly has greater intermolecular interaction strength with itself than
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PG. This is likely from the additional hydroxyl group which could also be available for
additional A:B interactions.

Differences between 1:36 ratios for the same sugar alcohol (B) were within 1 degree
indicating the solid content controls the glass transition temperature. Without a melting
event and no melting point, these solvents could be called low transition temperature liquids
(LTTMSs). However, for other choline based DES including glyceline, neither ice formation
or a melting point is observed but for consistency the solvents are referred to as NADES and
non-NADES. Diluted solvents had a freezing and melting event and were used to evaluate
the NADES definition.

With dilution—One phase transition (freezing/melting) event and one glass transition
event were observed (Fig. 4b). The melting peak was used to determine latent heat of fusion
and melting temperature (table 3). Heat of fusion for glycerol based solvents were lower
than propylene glycol based solvents by at least 20 J-g~1 meaning the amount of water
available for reaction, such as ice formation, is reduced with Gly solvents from greater
binding of water. Solvents with trehalose, a known NADES component, had among the
lowest latent heat with Gly but the highest latent heat with PG. While reduced heat of
fusion and melting point may be beneficial in theory for reducing ice content, a composition
with the lowest enthalpy does not imply the optimal composition for cell or biomolecular
preservation.20 Critically, all the Gly solvents and glyceline (1:2 ChCl:Gly) had a melting
point lower than water, the lowest melting point component, qualifying them as (NA)DES
whereas none of the PG solvents had a melting point

lower than PG, the lowest melting point component, disqualifying them as NADES. Even
across a 1:2 to 1:36 molar ratio range, none of the PG solvents approached meeting this
definition.

The Gly solvents here, with a 1:5 to 1:36 eutectic range, may have contain an intermediate
eutectic point.

Glass transition temperatures increased with greater solid content (lower A:B ratio). PG
solvents had the highest T4 overall reaching =74 °C with 1:2 Sorb:PG whereas Gly could
only reach —88 °C. Interestingly, the glass transition of PG solvents was raised with the
addition of water whereas Gly solvents had lower T4 compared to pure PG and Gly. The
glass transition of water, estimated around —137 °C, is much lower than pure Gly and

PG but the addition of water had differing effects on them .1 Water can plasticize the
glassy matrix lowering the glass transition temperature and has been noted to decrease for
trehalose-water and food materials in general 2342 Glycerol has shown antiplasticization
behavior in a limited regime whereas propylene glycol shows plasticization to a large degree
in other regimes.*3

3.6 Water Activity

Activity reflects how tightly bound water is to the system or substrate and can be traced
back to the chemical potential (1) of the mixture. It depends on the interaction strength
of solute(s) with water and A:B interactions with water but does not specify molecular
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structures such as hydration, solvation structure, or equatorial OH groups. However,
comparisons can be made with this thermodynamic property and the colligative nature

with dilution and different molar ratios. Pure A:B activity is listed in table 1, though, trace
amounts of water are present in these solvents and the low activity approaches the lower
limit of detection in the instrument. Therefore, comparisons are made on the 90 weight
percent A:B solvents (approx. 0.33-0.41 x,,) through dilution to 10 weight percent A:B
(approx. 0.98 xy,) shown in Fig. 5 (vs. weight percent in S3). Glycerol based solvents
ranges from 0.24 to 0.33 a,, whereas propylene glycol solvents ranged from 0.85 to 0.94

a, at 90 percent A:B and all solvents approached, within 0.02, the activity of the saline
solution (0.987). Lower activity was expected for glycerol with a hydroxyl group suggesting
water is highly mobile in and out of PG and can more freely contribute to vapor pressure
compared to Gly. All low ratio combinations had a higher water activity across dilution until
no significant difference in activity was observed with the exception of 1:2 Sorb:PG. This
suggests liquid sugar alcohols can bind water better than the solid components as seen with
their effect on latent heat, with the exception a solvents with very high sorbitol content (49
weight percent), a sugar alcohol itself.

With dilution—Water activity approach that of the saline solution (a,, = 0.987) when
diluted to 90 weight percent water (about 0.98 x,,). There was no clear breakdown of the
A:B network to water as with viscosity, density, and molar excess. Though the change
from a curved to approximately linear response for Gly solvents is observed, there is no
discontinuity or sudden change that could be explicitly due to this network change. PG
solvents had an approximately linear response as the was little water binding ability in the
pure solvents. As water is added, activity rises as there is proportionally less A and B to
bind water from hydrogen bonding to water. NADES had a non-linear response starting from
a lower water activity, a trend seen for other DES and NADES. Non-NADES solvents had
an approximately linear change with dilution. At 40 weight percent A:B only the low vs.
1:36 ratios of Glu:Gly and Sorb:Gly are significantly different but at 10 weight percent, no
difference between ratios are observed.

The Ross and Norrish models were used for predicting the water activity of mixtures

and though relatively simple, are a good balance of accuracy and simplicity.*# Differences
in the model and data would reflect additional or reduced chemical potential of water
from the interaction between components. The data correlated well with the model at
high dilution while NADES showed reduced activity whereas the non-NADES solvents
had higher activity. This non-ideal activity was also observed for DES with an added
sugar and isopiestic methodology used to determine DES and non-DES behavior.45:46
There is value in this data for a variety of systems compared to select combinations and
limited concentration ranges in the DES and NADES literature.16:45.47.48 Of the common
characterization techniques used for DES, water activity is the most limited dataset as found
in a meta-analysis for the modeling and prediction of properties,49:50

3.7 Low Temperature Raman Spectroscopy

Further studies were conducted to evaluate these solvents at a reduced temperatures
to compare relative hydrogen bonding strengths and response to temperature. Select
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brightfield and Raman images are shown in Fig. 6 a-c. Only 20 weight percent solvents
were evaluated at 20 and —10 °C with spectra taken in the non-frozen region of

the cooled samples. Raman provides molecular level information of these components
during the freezing process enabling comparison of interactions and hydrogen bonding

at different temperatures and compositions. Discussion is limited to shifts of components
and intramolecular O-H (3200-3800 cm™1) peaks for 20 °C (Fig. 6d) and —10 °C (Fig.

6e) as different instrumentation configurations and environmental factors can affect spectra
obtained between studies.> The intramolecular O-H band red-shifted for all solvents when
cooled suggesting weaker or elongated hydroxyl bonds. Red-shifting is expected, and this
band drives the ice formation process during cooling though the non-NADES samples

had a slightly greater redshift than NADES. This may be due the water being more

mobile in a weaker hydrogen bonding system to form ice compared to water in a stronger
NADES bonding system. Additionally, NADES solvents showed consistent blue-shifting
behavior as with glyceline by 1 to 3 wavenumbers while non-NADES (propylene glycol)
solvents showed slight red-shifting behavior up to 1 wavenumber. This is in agreement
with the redshift of NADES intramolecular O-H peaks and may be due to a recombination
process where the hydrogen bonding structure moves from strong NADES component-water
interactions to favor water-water interactions and form ice.>! Usual red-shifting from
decreasing temperatures can blue-shift in this transition whereas little to no recombination
may be required for weaker component-water interactions to form ice in non-NADES
solvents. During freezing, solutes are effectively excluded from the ice phase (fig. 6 a-c)
and the concentration of A and B increase and further bind the remaining water. As solvents
are further cooled, the increasing solute concentration will eventually bind the remaining
water achieving a maximally freeze concentrated system. This composition depends on the
components used and their molar ratio implying the advantage of NADES in reaching this
state sooner.

4. Conclusions

We explored a wide range of pure A:B compositions with NADES and non-NADES
components and characterized their properties across dilution with water. NADES,
characterized by strong hydrogen bonding, have greater viscosity and density due to the
stronger interactions but both have Newtonian behavior and have an Arrhenius relationship
with temperature. The molar excess volume is negative for both, though NADES have much
greater non-ideality than non-NADES reaching that of glyceline, a well-studied DES of
choline chloride and glycerol (1:2). The breakdown of the greater NADES structure begins
at moderate dilution though strong non-ideality is still present at ninety weight percent
water. Both NADES and non-NADES have favorable interactions with increased interaction
strength with added water, both are glass formers, and show general Raman peak red-
shifting behavior when cooled. Water activity is significantly different as non-NADES have
higher activity than an ideal model though the relative activities depend on the components
chosen.

The additional hydroxy! group contributed to pure glycerol’s higher viscosity and melting
point than pure propylene glycol. The higher melting point directly contributes to a system
qualifying as a NADES and the additional hydroxyl group likely increased the molar
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excess viscosity for glycerol NADES. The ring (glucose, trehalose) or chain (sorbitol)
shape of component A did not impact if an A:B combination was a NADES as the lowest
melting point component was the sugar alcohol (B) for all combinations evaluated here.
The structure however did affect the obtainable molar ratio range for each combination.
Trehalose, a disaccharide, had a limited solubility of A in B compared to glucose, a
monosaccharide. Sorbitol, a chain molecule, could achieve the highest solid content of A
in B.

Regarding low temperature and cryopreservation, NADES are hypothetical better solvents
for slow freezing with higher glass transition and lower water activity than non-NADES.
Cumulative interactions were strongest in the water rich region, approximately ninety mole
fraction, suggesting a NADES components in water system and becomes a maximally
freeze concentrated solvents during cryopreservation. Greater solid content was beneficial
to tune glass transition. Raman spectroscopy showed NADES had stronger component
effects on the intramolecular water (O-H) band and components blue-shifted, indicating a
hydrogen bonding system recombination, unlike non-NADES. NADES had lower enthalpy
of fusion reducing overall ice content though this is not reflective of an optimal formulation
for cell preservation. The solid components studied within form NADES with glycerol.
These solvents may however, may be more appropriately called ternary NADES of
A:Glycerol:Water within the eutectic range studied given their low water activity and/or
strongly negative excess volume with dilution.

There is a wide range of possible properties based on the A:Glycerol:Water ratio with

the greatest interaction strength in the water rich region and at the eutectic point. There

is, however, no clear property indicator explored here for determining strict NADES or
non-NADES behavior without comparison to an appropriate ideal model than in the current
definition.

Further studies with Raman, x-ray diffraction, or neutron scattering could be utilized to
explore specific intermolecular interactions of NADES and non-NADES with dilution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

NADES and non-NADES were characterized by viscosity, density, DSC,
water activity, and Raman across dilution

Molar excess volumes revealed NADES have as strong intermolecular
bonding as glyceline

Greatest excess volumes were in the water rich region
Water activity of NADES is lower than non-NADES mixtures

Raman cryomicroscopy revealed stronger hydrogen bonding for NADES
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samples; c) Viscosity vs dilution of PG based samples
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a) Molar excess volume of Gly based samples; b) Molar excess volume of PG based samples
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a) Glass transition events of low and high ratio pure samples and the glyceline benchmark.
b) Melting event of 10 weight percent A:B samples and the glyceline benchmark
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(a?c) Brightfield images of select frozen NADES samples (scale bar 10 pm) and Raman
spectral heat maps (scale bar 2 um) of ice, sugar alcohol, and component A at —43°C. a)
[Glyceline], b) [1:18 Tre:PG], ¢) [1:5 Sorb:Gly]. (d-e) OH band spectra at 20 °C and —10 °C
for select samples.
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Table 1.

Components and binary ratios of solid (A) and liquid sugar alcohol (B)

A:B Mixture Components

Molar
Ratios

Glyceline, Choline Chloride:Glycerol (ChCI:Gly)
Trehalose:Propylene Glycol, (Tre:PG)
Trehalose:Glycerol, (Tre:Gly)
Glucose:Propylene Glycol, (Glu:PG)
Glucose:Glycerol, (Glu:Gly)
Sorbitol:Propylene Glycol, (Sorb:PG)
Sorbitol:Glycerol, (Sorb:Gly)

1:2
1:18, 1:36
1:30, 1:36
1:6, 1:36
1:10, 1:36
1:2,1:36
1:5, 1:36
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Table 2.
Summary of properties of pure A:B solvents
A:B Mixture Molar NADES? - Viscosity, i activzlt?m Ea bDensity, P voll\tfr?ﬁlgrvm tra:giBtli?)s: T accim;e;
Ratio /mPa:s /kJ-mol~1 lg-cm™ Jcm3-mol~t e L
ChCl:Gly 1:2 Yes 424 52.4 1.192 9058 -93.3 0.036
Tre:PG, x,=0.061  1:18 No 115 37.0 1.109 84.51 -102.2 0.867
Tre:PG, x,=0.051  1:36 No 75 34.2 1.073 79.29 -105.4 0.894
Tre:Gly, x,=0.095  1:30 Yes 2548 70.1 1.287 79.63 -79.5 0.059
Tre:Gly, x,=0.051  1:36 Yes 1856 70.5 1.281 78.65 -78.4 0.051
Glu:PG 1:6 No 15.9 40.6 1.141 79.69 -101.1 0.876
Glu:PG 1:36 No 6.0 33.1 1.054 74.88 -105.8 0.898
Glu:Gly 1:10 Yes 4188 75.8 1.305 76.72 -73.8 0.046
Glu:Gly 1:36 Yes 1800 69.8 1.275 74.12 -776 0.053
Sorb:PG 12 No 123 60.2 1.233 90.38 -82.7 0.855
Sorb:PG 1:36 No 5.6 34.4 1.050 75.17 -105.8 0.928
Sorb:Gly 15 Yes 7324 80.5 1.319 81.21 -67.7 0.059
Sorb:Gly 1:36 Yes 1842 68.4 1211 74.40 -77.9 0.032

*
Xy is the mol fraction of water present with trehalose dihydrate

a'The standard uncertainty ¢ for viscosity is ¢(1) =0.5 %

b’The standard uncertainty « for density is ¢«{p) = 0.001 g-cm_3

c. . . .
The standard uncertainty v for glass transition temperature is ((Tg) = 0.5 °C

d. . L
The standard uncertainty « for water activity is ¢{ay) = 1 %
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Table 3.

Thermal properties of 10 wt.% A:B samples in saline solution including melting point, enthalpy of fusion, and
glass transition

A:B Molar aMeIting bEnthalpyof CGIass

A:B Mixture Ratio point, T, Fusion, AHg,s  transition, Ty
/°C 13-gt /°C
ChCL:Gly 1:2 -8.8 207 -106
Tre:PG 1:18 -5.0 254 -89.6
Tre:PG 1:36 -6.0 264 -92.1
Tre:Gly 1:30 -7.8 209 -91.7
Tre:Gly 1:36 -7.9 206 -92.7
Glu:PG 1:6 -5.7 245 -85.8
Glu:PG 1:36 -5.2 240 -95.6
Glu:Gly 1:10 -7.8 204 -91.3
Glu:Gly 1:36 -8.1 207 -94.4
Sorb:PG 1:2 -5.6 241 -74.0
Sorb:PG 1:36 -5.0 253 -95.4
Sorb:Gly 1:5 -6.7 213 -87.9
Sorb:Gly 1:36 -9.1 218 -95.9

a’The standard uncertainty v for melting point is «(Tm) = 0.5 °C
b’The standard uncertainty v for enthalpy is {AHfys) = 1 %

D’The standard uncertainty v for glass transition is ¢(Tg) = 0.5 °C
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