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ARTICLE INFO ABSTRACT

Keywords: We perform molecular dynamics simulations of supercooled solutions of trehalose in TIP4P/2005 water, with
Supercooled water concentrations of 20 and 40 wt% (weight percentage) in trehalose, a disaccharide often used in cryopreserving
Trehalose

solutions. We analyze the thermodynamics and the structure of these solutions. From the isochores we find that
in the 20 wt% solution the temperature of maximum density (TMD) line is still present and it is shifted to lower
temperatures with respect to that of pure water. We also find that the Widom line and the liquid-liquid critical
point (LLCP) are still present for this concentration and we estimate the position of the LLCP to be shifted at
lower temperatures and slightly lower pressures with respect to that of pure water. In the 40 wt% solution
we find that the TMD line still persists, but the region of density anomaly shrinks. No LLCP is observed down
to the lowest temperature investigated, and maxima of the isothermal compressibility, used as proxy for the
Widom line, become weaker. The water oxygen - water oxygen radial distribution functions keep on showing the
typical distinction between high density and low density liquid found in pure water, but at low temperatures the
presence of trehalose appears to favor the high density phase of water more than in pure water. The number of
water molecules of the solvation shell confirms this picture.

Liquid-liquid critical point
Water anomalies

1. Introduction

Trehalose aqueous solutions are relevant in many technological ap-
plications, such as the cryopreservation of biological molecules. In fact,
it has been shown that this disaccharide possesses a remarkable abil-
ity to preserve biomolecules against freezing [1-13]. To investigate the
role of trehalose in biological aqueous solutions, numerous experimen-
tal and computational studies have been carried out. Trehalose has been
shown to affect both structural and dynamical properties of water by af-
fecting the hydrogen bond network and by greatly slowing down the
water relaxation processes upon cooling [13-22].

Monosaccharides and disaccharides are generally effective in cryop-
reservation. Trehalose was proven to be especially effective in several
related properties, for example stabilizing living cells subjected to freez-
ing stress [23,24] and slowing down more consistently hydration water
dynamics [16]. Besides it shows better vitrification properties than other
saccharides in water solutions [25].

In this context it is important to understand to what extent pure
water characteristics in thermodynamics and structure are affected by
the presence of trehalose.
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As it is widely known, water displays many anomalous properties,
some of the most renowned being the presence of a temperature of max-
imum density, that occurs at T = 277 K at ambient pressure, and the
increase of the thermodynamics response functions in the supercooled
region, the metastable state where water remains liquid below its freez-
ing temperature [26-39].

The explanation for the water anomalies that has the largest con-
sensus is the existence of a second-order phase transition point in the
deeply supercooled region, the Liquid-Liquid Critical Point (LLCP), be-
low which water would exist in two separate phases with different local
structures, the high-density liquid (HDL) phase and the low-density liq-
uid (LDL) phase, that are respectively linked to the two phases of glassy
water, the high-density amorphous (HDA) and the low-density amor-
phous (LDA), observed experimentally [40-42]. The coexistence line
between the two amorphous phases would be connected to that of the
two liquid phases which ends at the critical point. This hypothesis was
formulated by Poole, Sciortino, Essmann and Stanley [43] on the basis of
molecular dynamics simulations with the ST2 potential model for water.

Experimental studies on supercooled water and water solutions have
provided evidence of the presence of a liquid-liquid transition [44-48]
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and of the presence of maxima of the thermodynamic response functions
(like the isothermal compressibility) [38] These maxima are connected
to the presence of a line of maxima of the correlation length, the Widom
line, that is always present in the one-phase region upon approaching a
second-order critical point [49-52].

Computational studies play a central role in this field because with
simulations it is possible to avoid the problem of crystallization, which is
a major issue in experiments. Various water model potentials have been
successfully employed for the study of the liquid and supercooled water,
see for example SPC/E [53], MB-pol [54-56], WAIL [57]. The LLCP has
been rigorously proven to exist for the water models ST2, TIP4P/2005,
TIP4P/Ice, JAGLA and WAIL [58-64]. We note that the TIP4P/2005
and TIP4P/Ice are among the most accurate water models to investi-
gate its thermodynamics and anomalies [65,66]. For TIP4P/2005 see
for example Ref. 67-69 for the prediction of density maxima, density
minima, isothermal compressibility and heat capacity minima and max-
ima, thermal expansion coefficient and shear viscosity, in agreement
with experiments.

Recent research has been focusing extensively on aqueous solutions
due to their widespread presence and to the fact that water is often
more easily supercooled in solutions [26]. Many computational studies
have shown the presence of a LLCP in several aqueous solutions of elec-
trolytes, methanol, and perchlorates and hydrophobic solutes [70-75].
And recently a reversible liquid-liquid transition has been experimen-
tally observed in a supercooled trehalose aqueous solution [48].

To better understand the effect of trehalose on the properties of water
in this work we study through molecular dynamics (MD) simulations
two solutions of TIP4P/2005 water and trehalose in the supercooled
region, with concentrations of 20 wt% (weight percentage) and 40 wt%
in trehalose. We analyze the thermodynamic and structural behavior of
these solutions compared to pure water to study the effect of the solute
on the anomalous properties of water.

The paper is organized as follows. In Section 2 details on the sim-
ulations are given, in Section 3 the thermodynamic results of the two
solutions are analyzed, in Section 4 the structural results are reported,
and in Section 5 conclusions are drawn.

2. Simulation details

MD simulations of binary mixtures of water and trehalose have been
performed on two systems with different concentrations of the disaccha-
ride: the first system is composed of 1500 water molecules and 20 tre-
halose molecules, corresponding to a concentration of 20.21 wt% in tre-
halose, and the second system is composed of 1498 water molecules and
54 trehalose molecules, corresponding to a concentration of 40.65 wt%
in trehalose.

In Fig. 1 we show a representation of the trehalose molecule. A snap-
shot of the 20 wt% solution is reported in Fig. 2,

The MD simulations were carried out using the GROMACS 5.1.4
package [76]. The CHARMM force field was used for modeling the
bonded and non-bonded interactions for the sugar [77,78], and the
TIP4P/2005 potential was used for water molecules [65]. TIP4P/2005
is a well-known classical potential that is able to reproduce the behav-
ior of the condensed phases of water [66]. The choice of this particular
potential for our simulations is due to the fact that TIP4P/2005 is one
of the best potentials to reproduce the phase diagram of water from the
liquid state down to the supercooled region. Besides it is one of the few
water model potentials for which the LLCP has been rigorously proven
to exist [62].

To integrate the equation of motion we used a timestep of 1 fs. To
deal with electrostatic interactions the Particle-Mesh Ewald method was
used. For non-bonded Lennard-Jones interaction, the cutoff was set to
1 nm. Periodic boundary conditions were applied.

The simulations have been performed in the NVT ensemble. To con-
trol the temperature we used the velocity rescaling with a stochastic
term thermostat [79].
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Fig. 1. Representation of the trehalose molecule. The color code for the atoms
is red for oxygen, white for hydrogen, and turquoise for carbon.

Fig. 2. Blowup of a snapshot of the 20 wt% trehalose aqueous solution simula-
tion box at T = 200 K and p = 1100 kg/m?. The color code for the atoms is
red for oxygen, white for hydrogen, and turquoise for carbon. Trehalose is rep-
resented with balls and sticks and water is represented with sticks.

For the 20 wt% solutions we simulated the state points for densities
from 1180 to 960 kg/m? with steps of 10 kg/m?>, and for each density
the range of temperatures simulated goes from T = 350 Kto T = 160K,
with steps of 10 K for temperatures from 350 K to 300 K and steps of 5 K
for lower temperatures. For the 40 wt% solutions the range of densities
studied goes from 1280 kg/m?> to 1060 kg/m> with steps of 10 kg/m3,
and for each density the range of temperatures goes from T = 350 K to
T = 170 K, with steps of 10 K for temperatures from 350 K to 300 K
and steps of 5 K for lower temperatures. We simulated a total of 1518
state points.

For each state point, an equilibration run followed by a production
run was made. The simulation times for each state point range from
0.1 ns up to 200 ns for the lowest temperatures.

3. Thermodynamic results

Here we show and analyze the thermodynamic properties of the two
trehalose aqueous solutions that result from the behavior of the iso-
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Fig. 3. Isochores for 20 wt% trehalose aqueous solution in the P-T plane as obtained from our MD simulations. Lines are polynomial fits to the simulated state points.
The LLCP (black circle), K, maxima as a proxy of the Widom line (black triangles down), TMD and TmbD for the solution (black squares and diamonds), and the limit
of mechanical stability line (black triangles up) are also reported. The TMD, TmD and LLCP points for TIP4P/2005 pure water (red squares, red diamonds and red

circles respectively), taken from ref. 69 and ref. 62, are also shown for comparison.

chores and the isotherms curves, obtained by reporting in the pressure-
temperature and the pressure-density planes the state points calculated
from our simulations.

3.1. 20 wt% solution

The state points obtained from the simulations of the 20 wt% in
trehalose solution, reported in the isochores P-T plane, are shown in
Fig. 3. The lines shown in the figure are fourth-degree polynomial fits
to the state points, and each line corresponds to an isochore. From the
isochores it is possible to calculate the points of the temperature of
maximum density (TMD) line, which correspond to the minima of the
isochores. In fact in these minima the coefficient of thermal expansion
ap, defined as

ar=1(%) =_1<6_ﬂ) -k, (22) W
V \oT /p p \oT /p oT /v

where K is the isothermal compressibility, is equal to 0. ap changes
from positive to negative values for temperatures below the TMD, which
means that as the temperature decreases below the TMD at constant
pressure the density decreases rather than increases.

We can see that all the isochores, except those corresponding to the
four lowest densities, show a minimum in the temperature range an-
alyzed, and all the minima form the TMD line. Some isochores also
present a point of relative maximum, and these maxima mark the tem-
perature of minimum density (TmD) line, the line after which the liquid
restores the normal behavior. The TMD and TmD lines encompass the
density anomaly region, where the density decreases with decreasing
temperature at a fixed pressure. The TMD and TmbD lines are also drawn
in Fig. 3, along with the TMD and TmD lines for pure TIP4P/2005 water
[69], shown for comparison. We can see that the TMD and TmD of the
solution have a behavior similar to that of pure water but they shift to
lower temperatures and lower pressures. The region of density anomaly
is therefore moved but similar in size.

In Fig. 3 it is also reported the limit of mechanical stability (LMS)
of the liquid metastable phase with respect to the gas phase, which co-
incides with the lowest isochore plotted. We determined the LMS by
decreasing the density. Below the liquid-gas LMS the simulations pre-
sented cavitation, i.e. the formation of vapor bubbles, corresponding to
a sudden increase in pressure [80].
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Fig. 4. Isotherms for the 20 wt% trehalose aqueous solution as obtained from
our MD simulations, for temperatures from 220 K to 160 K.

From Fig. 3 we can also see that the isochores converge at high pres-
sure and low temperatures. It is possible to estimate the position of the
LLCP from the highest temperature crossing point of the isochores. We
observe that the isochores corresponding to the densities of 1150 and
1160 kg/m> show a crossing at a temperature of about 166 K and a
pressure of about 1700 bar, and we highlighted this point in the figure.

In order to better pinpoint the LLCP we reported the state points
obtained from the simulations also in the isotherms P-p plane, as shown
in Fig. 4. We can in fact estimate the location of the LLCP also from the
occurrence of a horizontal inflection point in the isotherms, where

(@P/dp)y = (0*°PJdpH)r = 0 )

We can see that the T = 165 K isotherm shows the only horizontal in-
flection point of the curves for a density between 1150 and 1160 kg/m?>.
Its position is confirmed because it corresponds with our estimated lo-
cation of the LLCP from the crossing of the isochores.

A further confirmation of the LLCP location can be obtained with
the study of the isothermal compressibility K. In Fig. 5 we reported
the Ky, defined as
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Fig. 5. Isothermal compressibilities for the 20%wt trehalose aqueous solutions,
for temperatures from 220 K to 165 K. The compressibilities shown in this paper
have been calculated by numerical derivative of an interpolation of the points
of the isotherms.

1( dp

k=3 (35), ®
calculated for the 20 wt% solution. We observe that they show well-
defined maxima that sharpen as the temperature decreases and as they
approach the location of the critical point. The positions of these maxima
are also reported in Fig. 3. We see that the line of maxima of the isother-
mal compressibilities, which can be taken as a proxy of the Widom Line
near the critical point, converges to the estimated position of the LLCP,
as predicted by the theory of critical phenomena.

From all these results, we estimate the position of the LLCP for
the 20 wt% trehalose aqueous solution to be at 7, = 166 K and
P, = 1700 bar circa. In Fig. 3 we also reported the LLCP of pure wa-
ter, which was calculated to be at T""* = 172 K and P = 1861 bar
[62]. So there is a decrease in the solution of circa 6 K in temperature
and of circa 160 bar in pressure.

3.2. 40 wt% solution

In Fig. 6 we show the state points obtained from the simulations
of the 40 wt% solution, reported in the isochores P-T plane. The lines
shown are fourth-degree polynomial fits to the state points, and each
one corresponds to an isochore. The densities span from 1280 kg/m?
to 1060 kg/m> and the temperatures from T = 350 Kto T = 170 K.
Also the liquid-gas limit of mechanical stability, which coincides with
the isochore at the lowest density, is reported in the figure.

From the minima and the maxima of the isochores we calculated the
TMD and TmD lines, and their points are reported in the figure. The
minima and maxima of the isochores are way less pronounced for this
concentration, indicating a weakening of the density anomaly. The re-
gion of the density anomaly is however still present albeit substantially
reduced with respect to pure water, whose TMD, TmD and LLCP are also
reported in Fig. 6. We note that the reduction is mainly due to a shift
with respect to pure water to lower pressures and temperatures of the
TMD, while the TmD is only slightly shifted.

The weakening can also be seen from the isotherms, reported in
Fig. 7. The region of crossing between the low temperature and high
temperature isotherms is much less wide than that of the lower concen-
tration and of pure water.

We can see from Fig. 6 that for this concentration the isochores do
not converge and from Fig. 7 that the isotherms do not show a horizontal
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inflection point, therefore no critical point is observed, at least in the
range of temperatures considered.

We calculated also for this concentration the isothermal compress-
ibility K, reported in Fig. 8. We can see that the K7 still show maxima
points, although they are less pronounced than those of the 20 wt% so-
lution, and after an increase upon decreasing temperature they start to
decrease for temperatures below 185 K. This also indicates that in the
40 wt% solution in the range of pressures and temperatures investigated
the LLCP is no longer present. The maxima of the K are also reported
in Fig. 6.

3.3. Comparison of the results of the solutions

To compare the thermodynamic features (TMD, TmD, LLCP, LMS,
line of K; maxima) of the 20 wt% and 40 wt% trehalose aqueous so-
lutions found from our simulations we report these quantities in Fig. 9,
along with the TMD, TmD [69] and LLCP [62] for TIP4P/2005 pure wa-
ter. We report also the TMD and TmD lines for the 20 wt% and 40 wt%
trehalose solutions in the p — T plane in Fig. 10 as extracted from our
isochores analysis. The shift is due to the difference in total density be-
tween the different concentrations.

We can see that for the 20 wt% solution the TMD and TmD are
shifted to lower temperatures with respect to pure water of about 15 K.
The LLCP was found at a temperature 7, = 166 K and a pressure
P, = 1700 bar, and this location is shifted to lower temperatures and
lower pressure with respect to pure water.

In the 40 wt% solution the TMD and TmD are still present, although
they are much less wide and the minima and maxima of the isochores
are way less pronounced for this solution, indicating a weakening of
the density anomaly for this concentration. The TMD line is shifted to
even lower temperatures than the 20 wt% one. The TmD moves towards
lower temperatures than that of pure water, but to higher or equal tem-
peratures compared to the lower concentration solution, showing that
the region of density anomaly has shrunk, and that the shrinkage is es-
pecially due to change of location of the TMD line. This is probably due
to the fact that the TmD falls in the region where water is more LDL,
and therefore less influenced by solutes because of its locally more or-
dered structure. For the 40 wt% solution the isochores do not converge
and therefore no critical point is observed down to the lowest tempera-
ture investigated. We also note that the Widom Line, which divides the
region where water is more HDL-like (above) from the region more LDL-
like (below), has substantially shifted downward for this concentration.
This means that the LDL-like region is less favored in the 40 wt% than
in the 20 wt% solution and in pure water, since the LMS of pure water,
20 wt% and 40 wt% practically coincide, so that the region where the
liquid is more LDL-like has shrunk. We must nonetheless note that the
40 wt% mixture still retains the features that connote the water anoma-
lous behavior.

4. Structural results

We now analyze the structural properties of the solutions by looking
at the radial distribution functions (RDFs) g(r).

We start by analyzing the water oxygen - water oxygen (0,-O,,)
RDFs. We compared high densities where in pure water prevails the typ-
ical HDL behavior and low densities where in pure water prevails the
typical LDL behavior. As high densities we selected p = 1180 kg/m?
for the 20 wt% solution, p = 1280 kg/m> for the 40 wt% solution,
p = 1100 kg/m3 for pure water. All these three densities are well above
the LLCP of pure water and of the 20 wt% solution. As low densities we
selected p = 1000 kg/m? for the 20 wt% solution, p = 1110 kg/m? for
the 40 wt% solution, and p = 900 kg/m3 for pure water. All these three
densities are well below the LLCP of pure water and of the 20 wt% solu-
tion. To best compare different concentrations we chose these particular
isochores because they have the best matching similar behavior at low
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Fig. 7. Isotherms for the 40 wt% trehalose aqueous solution as obtained from
our MD simulations, for temperatures from 240 K to 170 K.

temperatures. Their behavior can be seen in Fig. 11 for both high and
low densities.

In Fig. 12 we compare the water oxygen - water oxygen (0,-O,)
RDFs for the two concentrations and for pure water at high and low
densities, for a high temperature, T = 300 K, in the top panel, and a
low temperature, T = 170 K, in the bottom panel.

At low temperature, the O,,-O,, RDFs at low densities show a deep
first minimum followed by a fairly sharp second peak, whereas at
higher densities the first minimum is milder and the second maximum
is broader, less peaked, and at a shorter distance with respect to the
one for low densities. This indicates a disrupture of hydrogen bonds be-
tween the first and the second shell and consequently a collapse of the
second shell in the high density liquid (HDL) phase with respect to the
low density liquid (LDL) phase, which is more ordered. These are typi-
cal characteristics of the O,,-O,, RDFs of the LDL and HDL phases [81].
In these RDFs we observe the main peak around 0.275 nm, and a second
peak around 0.45 nm at low density and around 0.43 nm at high den-
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Fig. 8. Isothermal compressibilities for the 40 wt% trehalose aqueous solutions,
for temperatures from 240 K to 170 K.

sity. The first minimum goes from around 0.325 nm to around 0.31 nm
upon increasing the density.

In Fig. 13 we plot the 0,,-O,, RDFs for both the concentration and
densities selected (one each panel), for four selected temperatures each,
in order to show how they change from high to low temperatures. By
increasing the temperature the peaks of the RDFs become lower but
the differences between high and low density are still present at high
temperature (T = 300 K): at high density the first minimum and second
peak are way less pronounced and placed at lower distances than those
at low density.

We can see from these RDFs that even at high concentrations of tre-
halose water maintains the structural differences between the two liquid
high density and low density phases (HDL and LDL), and the structure
of water appears not to be affected by the trehalose concentration. The
only minor differences between the different concentrations are a higher
first and second peak and a more filled first minimum as the concentra-
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Fig. 10. Comparison of the TMD and TmD lines between the 20 wt% and 40 wt%
trehalose solutions in the p — T plane, as extracted from our isochores points.

tion increases, for all the densities and temperatures. This indicates that
as the concentration of trehalose increases water is more HDL.

In Fig. 14 we show the O,,-O,, first shell coordination numbers at
different temperatures as a function of density, calculated from the RDFs
using as a cutoff distance the first RDF minimum:

T'min

/ goo(r)rzdr (€)]
0

Ncoord = 47[/’

For both concentrations, the coordination numbers show an increasing
pattern as density increases for high temperatures, with a slope that de-
creases as the temperature decreases, becoming almost constant at the
lower temperature. For the 20 wt% in trehalose solution at T = 300 K
the values go from 3.83 at the lower density to 4.66 at the higher den-
sity, and at T = 160 K they go from 3.78 to 3.82. Upon increasing
the concentration the curves have similar slopes but move downward,
meaning that more water molecules solvate the trehalose molecules of
the solutions. For the 40 wt% solution the values of the coordination
number go from 3.52 at the lower density to 4.28 at the higher density
at T = 300 K, and from 3.48 to 3.52 at T = 170 K.

In order to inquire on how water molecules solvate the trehalose
in Fig. 15 we plot the trehalose oxygen - water oxygen (0,-O,,) RDFs
for the two concentrations at high and low densities and temperatures,

Journal of Molecular Liquids 414 (2024) 126089

6000 T T T
—— 20wWt% 1180 kg/m?
—— 40wt% 1280 kg/m3
—— pure water 1100 kg/m?
5 4000 |
=
o
2000 |
] ] ]
150 200 250 300 350
T [K]
O J 1 1
20wt% 1000 kg/m3
40Wt% 1110 kg/m3
—— pure water 900 kg/m?
— —1000 | 4
©
2
(a8
—2000 | B
1 1 1
150 200 250 300 350

TIK]

Fig. 11. Isochores selected as best matching at low temperatures for the RDFs
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water, the 20 wt%, and the 40 wt% solutions.
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Fig. 12. 0,-O, RDFs for the two solutions at high and low densities
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panel: RDFs at high temperature (T = 300 K). Bottom panel: low temperature
(T = 170 K).
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Fig. 13. 0,,-O,, RDFs. In the left panels we report the RDFs for the 20 wt% solution and in the right panels for the 40 wt% solution, in the top panels for low densities
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Fig. 14. 0,,-0,, first shell coordination numbers for the two solutions (left panel: 20 wt% and right panel: 40 wt%) as functions of density for different temperatures.
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Fig. 15. Trehalose oxygen - water oxygen RDFs of the two solutions (20 and
40 wt% in trehalose), compared with pure water oxygen - oxygen RDFs. First
panel: RDFs at high temperature (T = 300 K) at high and low densities. Second
panel: RDFs at low temperature (T = 170 K) for the two solutions and for at
high and low densities.

compared with the O,,-O,, RDFs. To compute these RDFs we selected as
oxygen atoms of the trehalose molecules the ones in the OH groups. We
observe that at low temperatures at both high and low densities water
tends to be more HDL-like at the interface with trehalose, and this is
even more evident in the solution with the higher concentration because
these RDFs present a more filled first minimum. At low temperatures
therefore trehalose appears to favor the high density phase of water.

We computed also the average number of all water molecules in the
first hydration layer around a trehalose molecule, and we report the
results in Fig. 16. We selected as a cutoff distance of the water molecules
with the atoms of the trehalose molecules 0.32 nm, which coincides with
the first minimum of the trehalose oxygen - water oxygen RDFs, as it can
be seen in Fig. 15.

The number of water molecules solvating the trehalose shows an
increase as density increases. This indicates that water at lower den-
sities, when it is more LDL-like, tends to exclude solutes more, while
at high densities, when it is more HDL-like, it tends to solvate trehalose
more. Water is more LDL-like for low densities and/or low temperatures.
We observe that for both concentrations the average number of water
molecules around each trehalose molecule does not depend on tempera-
ture, except for the lowest densities where the two lowest temperatures,
T = 200 Kand T = 160 K for the 20 wt% solution and T = 170 K for
the 40 wt% solution, present a slightly lower number of water molecules
around the trehalose.

In the solution with a higher concentration of trehalose the average
number of water solvating the disaccharide is lower than in the solution
with a lower concentration. This can be due to a greater tendency for
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trehaloses to aggregate when present in greater quantities in the solu-
tion, thus excluding some of the water molecules from the first layer.
A tendency to aggregate is been observed in Ref. 14. Overall the
number of water molecules solvating a trehalose molecule goes from
around 20 to around 29 for the 20 wt% solution and from around 19
to around 26 for the 40 wt% solution. We also note that in the 40 wt%
solution almost all water molecules solvate the trehalose at high density.

5. Conclusions

We have studied through molecular dynamics simulations trehalose
and water solutions (20 wt% and 40 wt% in trehalose), to analyze their
thermodynamic and structural properties. Trehalose is a well-known
cryoprotectant. We used for water in the simulation the TIP4P/2005
potential. We simulated state points for a wide span of densities and
temperatures up to the deeply supercooled region.

From the thermodynamic analysis we deduced the phase diagram of
the liquid phase in the normal and the supercooled liquid region. We
saw that in the 20 wt% solution the density anomaly is still present, the
isochores show well defined minima and maxima, and the TMD line is
shifted to lower temperatures than that of pure water of about 10 K. We
can also observe that the isochores converge and the isotherms show a
horizontal inflection point The line of K; maxima also points towards
this region. These observations indicate the presence of a LLCP in the
20 wt% at T, = 166 K and a pressure P, = 1700 bar, shifted at lower
temperatures and slightly lower pressures than that of pure water [62].

Also for the 40 wt% solution the density anomaly is still present,
although it is much less wide and the minima and maxima of the iso-
chores are way less pronounced for this solution. The TMD line is shifted
to even lower temperatures with respect to the pure water one, and the
region inside the TMD curve is substantially shrunk. Furthermore, the
K maxima for this concentration are less pronounced than those of
the 20 wt% solution and decrease for lower temperatures, indicating a
weakening of these anomalies. For this concentration the isochores do
not converge and therefore no critical point is observed.

Nonetheless overall water anomalies are still present in the trehalose
aqueous solutions investigated, also for the highest concentration, indi-
cating that water anomalous behavior is important also when water is
mixed with trehalose.

We note that the anomaly in K that we studied and that is directly
related to the Widom line and to the LLCP, still persists in the 40 wt%
solution, showing a weaker anomalous behavior.

We also note that in pure TIP4P/2005 water [82-84], similar to other
water potentials [85-91], the Widom line practically coincides with the
dynamical fragile to strong crossover. We plan to study this phenomenon
also in this system in the near future.

Our results of the location of LLCP in the 20 wt% solution is compati-
ble with the experimental estimate of the LLCP by Suzuki [48], although
the comparison cannot be precise since its concentration falls in between
our two.

From our study of RDFs we see that HDL and LDL structures are
very similar to pure water. In order to have more information on the
microscopic local structure a future study on local structure indicators
could give more information [92-94].

The presence of trehalose appears to favor the high-density phase of
water, as it is evident from the analysis of the water oxygen - water oxy-
gen RDFs, which present a more filled first minimum. It is also evident
from the characteristics of the solvation shell, and from the shift to lower
pressures of the LLCP, which indicates a shrinkage of the LDL region.
In fact, for temperatures below the LLCP, the coexistence line separates
the HDL and LDL phases, while above the LLCP the Widom line sepa-
rates the phase diagram in a region more HDL-like and a region more
LDL-like.

The favoring of the HDL local structure can be linked to the cry-
oprotectant properties of trehalose of preventing crystallization, since
nucleation is favored in the low density liquid [26].
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