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Abstract We analyze the role of water at biological and
inorganic interfaces. In fields like food processing, food
preservation or bionanotechnology the fluctuations in den-
sity and entropy due to hydration water have consequences
that go from damaging the tissues to reducing the cell death
for dehydration to regulating the food stability to controlling
the heat-exchange at the nanoscale. We focus on the ther-
modynamics of hydration water at cryopreservation temper-
atures and its effects on the dynamics of nano-confined and
protein-hydration water. We consider the relevance of con-
fining heterogeneities for controlling the physical properties
of hydration water and the effects of interfacial water on
protein stability. To this aim, we describe a coarse-grained
model of water that allows us to perform theoretical cal-
culations and numerical simulations, presenting our latest
results and the work in progress. Our investigation is at
the frontier of knowledge in Physics, Chemistry and Biol-
ogy, with a potential impact on fields such as Nanoscience,
Nanotechnology and Food Science.

Keywords Hydration · Interfacial water · Biological
water · Confined water · Theory

Introduction

Water covers 2/3 of the Earth, affects its climate and mor-
phology, it is critical in many technologies and dissolves
almost all chemicals, at least in part [1]. Despite being the
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most corrosive substance, it is physiologically harmless and
is the main component of living beings: approximately 60 %
by weight of an adult human body is due to its water con-
tent. Most of this water (� 60 %) are confined in cells,
while the remaining water flows below tissues and in narrow
blood vessels [2, 3]. Living beings need water because it is
involved in most biological processes: in the metabolism of
nutrients and their transport to the tissues, in the disposal of
cellular waste, and in the communication between cells [4].
Enzymes and proteins need to be suspended in solution to
change their conformation and to adopt their active struc-
tures, and water governs the rate of recognition that proteins,
nucleic acids and membranes have of ligands and drugs [5].
Our failure in fully understanding the behavior of water is
one of the main limitation we have in predicting protein
structures and in designing drugs. For example, recent data
show that the dynamics of water plays a fundamental role
in biological processes, such as determining the proteins-
folding rate [6]. Also, the hydrophobic collapse of proteins
and the rapid folding of their secondary structure are medi-
ated by the water molecules that are in the proximity of the
amino acids [7]. Other examples come from the protein-
protein interactions that are affected by the dynamics of the
hydration-water layer [8].

In Food Science water is important for its contribution
to the texture (crispness or tenderness) of foods and for its
importance in the majority of food processing techniques.
In particular, the water content is important in determining
the shelf-life and food safety.

Despite its importance and countless studies, the behav-
ior of water remains poorly understood with respect to
simple fluids, such as argon [9]. Water has more than
sixty anomalies. For example, its diffusion increases with
increasing pressure and its density decreases with decreas-
ing temperature below 4 ◦C. As a consequence, the ice floats
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on liquid water and lakes freeze from the top when the
outside temperature goes down, while water at 4 ◦C sinks
toward the bottom allowing the fish to keep swimming and
living. Water has, also, an extraordinary capacity to absorb
heat, essential for regulating the temperature of engines, of
our body and of our planet [10]. Again, this property is
essential for the life in cold waters, because it makes water,
near freezing, not much susceptible to temperature changes,
keeping the bottoms of lakes at 4 ◦C despite the outside tem-
perature can go far below 0 ◦C, thanks to the ice layer on
the surface.

The anomalous behavior of heat transfer and volume
changes in water is emphasized by its heat capacity and
compressibility that have a minimum at 35 ◦C and 46 ◦C,
respectively. Both quantities increase upon decreasing tem-
perature as if they were diverging at a temperature around
–45 ◦C [10]. Furthermore, its thermal expansion coefficient
turns negative below 0 ◦C [10] (Fig. 1).

Another peculiar property of water is that, contrary to
what we could think, water does not freeze easily at 0 ◦C
and tends to stay liquid at moderately negative temperatures.
How far below 0 ◦C water can remain liquid in a super-
cooled, metastable state depends on several conditions. For
example, water can be liquid at temperatures as low as
–20 ◦C when confined in insects bodies, or –37 ◦C in the
drops forming the clouds [11], or –47 ◦C when confined in
plants [12]. The best records for bulk are achieved in lab-
oratory where it is possible to observe supercooled water
at –41 ◦C at atmospheric pressure [13] and at –92 ◦C at
2 kbar [14].

Polymorphism and Polyamorphism

The possible explanations for this anomalous behavior are
numerous and controversial [15]. It is clear that the main
characteristic of the molecules of H2O is its ability to form
hydrogen bonds (HB), but the very definition of this type of
bond is controversial as much as its experimental measure-
ment [16]. The common understanding is that on average
each molecule forms four HBs, each with very short life-
time in such a way that they are continuously formed and
broken while water molecules diffuse in the liquid phase.

These bonds strengthen the attraction among molecules,
resulting in values for the melting point, boiling point and
enthalpy of vaporisation of H2O higher than what would
be expected by comparing with hydrides of elements in the
same groups as O, i.e. S, Se, and Te [16]. Being the typical
bond distance smaller than the van der Waals radius, the for-
mation of HBs implies a balance among dispersive forces–at
their repulsive distance–and electrostatic attractive forces
[17] with a partial covalent nature [18]. As a consequence,
the four water molecules, that are H-bonded to a central one,
tend to repel each other and to form a tetrahedral structure.

Fig. 1 Schematic dependence on temperature at atmospheric pressure
of (a) the isothermal compressibility KT ≡ −(1/V )(∂V/∂P )T pro-
portional to fluctuations of molar volume, (b) the specific heat CP ≡
(∂H/∂T )P proportional to the fluctuations of entropy and (c) the ther-
mal expansion coefficient αP ≡ (1/V )(∂V/∂T )P proportional to the
cross-fluctuations of volume and entropy. The behavior of a normal
fluid (indicated by the dashed line) is approximately an extrapola-
tion of the behavior of liquid water at high temperature. Anomalies
exhibited by water are apparent above the melting temperature Tm and
become more striking when the fluid is supercooled below Tm

This structure possibly propagates at the second shell of the
central water molecule, giving origin to an “open” structure.
This tetrahedral structure is characterized by a density that
is lower than the “closed” structure achieved when the HBs
are broken at high pressure [19]. A fully developed tetrahe-
dral network is well observed in ice Ih (hexagonal ice) and
Ic (cubic ice). These are only two of the more than 16 crystal
forms of water. Water is, therefore, a polymorph [20].
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Just as there are crystalline polymorphs, there are also
polyamorphic forms of water, i.e. different forms of amor-
phous ice (glass) of water. These are observable below
–123 ◦C when the liquid is cooled with a rate of 106 ◦C/sec.
To date, there have been observed at least three distinct
forms of amorphous ice: low, high and very high density
(LDA, HDA and VHDA) with discontinuity in volume of
27 % (LDA -HDA) and 11 % (VHDA-HDA) [21, 22].

The presence of open and closed structures, has led to dif-
ferent interpretations of the behavior of supercooled water
(Fig. 2). These can be divided into two main categories:

(i) one hypothesizes that water separates into two liquid
phases of different density through a transition analo-
gous to the transformation between gas and liquid and
with a possible singularity;

(ii) another assumes that the two local configurations are
never separated into two phases.

Interpretations of type (i) account for the coexistence of
a low density liquid (LDL) phase, with a structure similar to
LDA ice, and a high density liquid (HDL) phase, similar to
HDA ice. Due to the anti-correlation between the fluctuation
of molecular volume and entropy, the HDL-LDL transition
has a negative slope in the pressure-temperature (P − T )
plane. Among the scenarios that involve the liquid-liquid
(LL) phase transition are

(a) the scenario with a LL critical point at P > 0 [23];
(b) the scenario with a LL critical point at P < 0 [24];
(c) the “critical point-free” scenario, in which the LL tran-

sition extends to the limit of stability (spinodal) of the
liquid with respect to the gas at P < 0 [15].
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Fig. 2 Schematic view of different thermodynamic models about the
origin of water anomalies in the T − P plane. a The stability limit
scenario [27] hypothesizes that the liquid-to-gas spinodal, with pos-
itive slope at high T, merges with the stability limit of stretched
and supercooled water, with negative slope at low T. The reentrant
behavior originates from the intersection of the spinodal with the tem-
perature of maximum density (TMD) line. b The liquid-liquid critical
point scenario [23] supposes the existence of a second critical point
for liquid water in the supercooled region as ending point of a neg-
atively sloped first order transition line, separating two metastable

liquids at different densities: the low-density liquid (LDL) at low
P and T, and the high-density liquid (HDL) at high P and T. Sev-
eral numerical results with different water models are consistent with
this scenario [23, 24, 30–37]. c The critical-point-free scenario [15]
hypothesizes an order-disorder transition, with a possible discontinu-
ity in density, that extends at negative pressure up to the stability limit
of supercooled water. d The singularity-free scenario [38] relates the
anomalous increase in KT with the reentrant behavior of the TMD line,
without any divergence in KT and with a locus of constant maxima
in CP
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In these scenarios the anomalous increase of response
functions is a consequence of approaching the LL coexis-
tence line, with a real divergence at the LL critical point
or along the LL spinodal line. For the cases (a) and (b), at
temperatures above the LL critical temperature the thermo-
dynamic response functions increase near the temperature
TW (P ) of maximum correlation length. The line TW(P )

in the P − T plane is called “Widom line” [25, 26] and
departs from the critical point, being its analytic continua-
tion. Extremely close to the Widom line, the functions are
rounded and remain finite.

In the critical point-free scenario [15], on the other hand,
the liquid-gas spinodal at P < 0 crosses the LL spin-
odal leading to a change of slope of the stability limit of
the liquid. A similar mechanism, with a reentrant spinodal
was originally proposed in the “stability-limit” scenario
[27], that relates the increase in response functions to the
reentrant behavior of the temperature of maximum den-
sity (TMD) line. Nevertheless this scenario reveals some
thermodynamic inconsistencies [28], that can be cured by
interpreting the low-T spinodal as a LL spinodal. Hence,
although absent in its original formulation, the LL transition
phase was introduced later for thermodynamic consistency
also in the stability-limit scenario [29].

To the category (ii) belongs the “singularity-free” inter-
pretation [38]. In this scenario the anomalies are the effect
of anti-correlation between the fluctuation of molecular
volume and entropy, due to the fact that forming a H-
bonded structure leads to a volume increase with an entropy
decrease. The large increase in the response functions
(Fig. 1) observed in experiments, in this interpretation, is an
apparent singularity rounded in a maximum in correspon-
dence to the continuous density change.

Recently, it has been shown [39] that the singularity-
free interpretation holds for a coarse-grained water-like
model (the monoatomic-water model [40]), in contrast to
another scenario called “weak crystallization theory” [41].
In Ref. [39] it is shown that the coupling constant required
for fitting the results with the weak crystallization the-
ory would be unphysical. The weak crystallization theory
has been proposed also for another water model [41], the
ST2 model [42], however several works have shown with
different approaches that the ST2 model follows the sce-
nario with a metastable LL critical point [33, 35, 37,
43–47].

Recently, it has been shown [48] that the all the scenar-
ios in categories (i) and (ii) result from a common physical
mechanism, and that two key physical quantities determine
which scenario describes water: (i) the strength of the direc-
tional component of the HB and (ii) the strength of the
cooperative component of the HB. Furthermore, estimates
from experimental data for HBs [48] lead to predict the
occurrence of the scenario described in (a).

State of the Art on Hydration Water at Low
Temperature

All these scenarios rationalize the anomalies of water and
compare well with the experimental data, but predict dif-
ferent phase diagrams, with different implications for the
behavior of the water interface. For example, the presence
of a LL critical point implies the presence of a Widom line.
Along this line the density fluctuations determine struc-
tural changes that could explain recent experimental results
of water confined in nanoscopic structures [49–51] and
hydration water of proteins and DNA to almost –53 ◦C
[52–57].

At these low temperatures, “bulk” water exists only in
the solid state, but the confinement and the presence of
interfaces distorts the formation of the network of HBs
and lowers the freezing temperature [58]. This allows to
explore the dynamics and thermodynamics of confined
water, although the interpretation of experimental results is
still controversial [52, 55, 58–65].

Liquid water hydrating proteins has been found at tem-
peratures as low as –113 ◦C, at atmospheric pressure
[51]. At these extremely low temperatures some interesting
dynamic phenomena occur [50, 66–69] suggesting a possi-
ble relationship between the dynamics of biological macro-
molecules and water around them [70, 71], with implication
also in Food Science [54].

At low T, proteins exist in a state without conformational
flexibility and are biologically inactive. In the literature, this
state is commonly called “glass”. At approximately –53 ◦C
hydrated proteins regain their flexibility and their biolog-
ical activity. This dynamic transition is common to many
biopolymers and is understood to be due to the strong cou-
pling with the mobility of hydration water, which shows a
similar dynamic transition at the same T [52, 55, 56, 61,
62, 68, 72–74]. Experiments studying the translational cor-
relation time of the hydration water of a lysozyme protein
[52], DNA [55] and RNA [56] have shown that at about
–53 ◦C (220 K) the dynamics of hydration water changes
from non-Arrhenius (at high T) to Arrhenius (at low T), i.e.
the dynamics has an activation energy that depends on T at
high T, and is a constant at low T.

Simulations of lysozyme and DNA in hydration water
(using the TIP5P-water model) [75] have found (i) that the
fluctuations of the mean square deviation for the hydrogens
of lysozyme and DNA change functional form at Tp ∼
245 K, (ii) the specific heat of the total system (water and
biopolymer) exhibits a maximum at T ∼ 250 ± 10 K
for both molecules, (iii) the structure of hydration water,
as measured by a local tetrahedral order parameter, has a
maximum increase around the same temperature, TQ =
245 ± 10 K, (iv) the diffusivity of hydration water exhib-
ited a dynamic change from a non-Arrhenius to Arrhenius
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at a temperature Tx ∼ 245 ± 10 K for lysozyme and
Tx ∼ 250 ± 10 K for the DNA. These temperatures are
much higher than the glass transition temperature, estimated
for TIP5P at Tg = 215 K [76]. The coincidence of these
temperatures, all higher than the Tg , suggests an interest-
ing relationship between the thermodynamics and structural
changes of the hydration water and the fluctuations of
proteins.

Similar results have been found also in confined water.
Confined water is of fundamental importance in biological,
geological and technological processes, including disci-
plines such as electro-chemistry or photocatalysis [77]. In
the past years experiments have revealed a dynamic change
at T � 223 ± 2 K for water confined in silica nanopores
(with a radius of 2 nm) by studying the structural relaxation
time (with neutron scattering) [49] and the self-diffusion
coefficient (with nuclear magnetic resonance) [51]. These
dynamical changes observed in water confined in silica
nanopores disappear at a pressure between 1200 and 1600
bar [50].

Results from simulations of water models (TIP5P and
ST2) and of water-like models [25] have suggested that
a possible explanation for disappearance of the dynamical
changes may be the presence of a LL critical point. The
simulations exhibit the same physical behavior as the exper-
iments, and the change in the diffusion coefficient in the
simulations vanishes at pressures higher than the pressure
of the LL critical point. The authors interpret their simu-
lation results as a consequence of the shape of the low-T
LL spinodal line that flattens out above the LL critical
point [25].

Therefore, although the results are argument of debate
[59–62, 75], numerical and experimental evidences point
to a strong dynamic effect of the first layers of water
molecules on macromolecules, due to the hydration inter-
action. Understanding these interactions, which play a
dominant role in many physical, chemical and biological
agents requires knowledge of the structure of the first layers
of interfacial water at the molecular level [78]. Depend-
ing on whether the surface is hydrophilic or hydrophobic,
the structure of the network of HBs of water is affected,
giving water its unique interface properties (e.g., surface
tension) [79].

The study of the properties of water near a hydrophobic
surface is a strong topic of debate, e.g. [80–85]. Understand-
ing the water structure at the interface of a hydrophobic
surface of nanoscopic size [86, 87] has important implica-
tions for the folding of proteins [88–91] or for Food Science
[92, 93] and pharmaceuticals [94].

Experiments for water hydrating hydrophobic surfaces
have been interpreted sometimes in favor of the formation of
a depletion layer of water molecules [95–97], sometimes in
favor of the reorientation of molecules [6, 83, 98–100] and

sometimes only indicating the formation of “nano-bubbles”
of local depletion [101, 102].

Water near hydrophilic surfaces behaves in a way that
could be quite different from water at hydrophobic inter-
faces. Some authors suggest that near a hydrophobic surface
water has a local LDL structure (low density and tetra-
hedral), while near a hydrophilic surface is more closed,
as in regions of high density (HDL) [103]. Experiments
show that water molecules close to hydrophilic surfaces
have residence times longer than near hydrophobic surfaces
[104], and that water confined between two hydrophilic sur-
faces, separated by 2nm, has a viscosity several orders of
magnitude greater than “bulk” water [105, 106]. These dif-
ferences have important implications in applications such
as microfluidics or the development of biomaterials, where
water produces a hydrophilic pressure that favors the adher-
ence of bone grafts [107].

Simulations can substantiate hypothesis (see for example
ref. [108]), but are based on specific models [109] and it is
difficult to see whether their results have the character of
universality that experimental data suggest. To this goal it
could be relevant to analyze the results of a coarse-grained
water model that can be studied analytically and, by tuning
a few parameters, could be able to reproduce the results of
different atomistic models.

A Many-Body Model for Hydration Water

In 2000 Franzese et al. proposed a coarse-grain model for
a water monolayer, such as surface-hydration water or con-
fined water between nano-separated surfaces [26, 110–113].
The model is able to reproduce a large variety of water prop-
erties and to make predictions that can be compared with
experiments [48, 57, 90, 91, 114–131]. The model is based
on the idea of describing the HB as the sum of a direc-
tional (covalent) component and a many-body (cooperative)
term.

To define the model:

1) We introduce a density-field, coarse graining the total
available volume V into a fixed number N0 of cells,
each with volume v ≡ V/N0. Because we consider the
constant pressure P, constant temperature T, constant
number of molecules N, the volume V is a function
of P and T, with V ≥ Nv0 where v0 is the hard-core
volume of a molecule (Fig. 3).

To simplify the model, we choose N0 = N and
consider that in each cell there is one water molecule,
i.e. we consider that the system has a homogeneous
density at our coarse-graining resolution. We neglect
the position of the water molecules inside the cell and
associate to the cell a variable n = 0 if the cell density
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Fig. 3 Schematic representation of the coarse-graining of the water
monolayer. The space is divided into cells with size corresponding
to the average distance between neighbor molecules. The cell size
changes with P and T. In the simplified version of the model all the
cell are occupied by a molecule

v0/v ≤ 0.5 (gas-like cell) and n = 1 if v0/v > 0.5
(liquid-like cell).

2) We associate to each water molecules i four bond-
ing variables σij = 1, . . . , q facing nearest neighbors
molecules j. Each variable σij can participate to a HB,
being four the maximum number of HBs. From exper-
iments we learn that a water molecule can form more
than four HBs, but that only four can be associated
to the low-energy tetrahedral configuration made of
a water molecule and its hydration shell. Additional
(“bifurcated”) HBs will increase the energy associated
to the molecule and will form at angles that are incon-
sistent with the tetrahedral configuration. We include
in our description only “tetrahedral” HBs. The tetrahe-
dral HBs can be associated to a configuration where the
O-H–O atoms deviates less than 30◦ from the perfect
alignment. Hence, the bonded state corresponds to 1/6
of all the possible configurations of the O-H–O atoms
in the plane they define. We, therefore, choose q = 6 in
such a way that only 1/6 of the σij states is associated
to a bonded state. As a consequence each molecule has
q4 = 1296 bonding states.

From the experiments we know that the formation of
a HB decreases the energy of the system and its entropy
[28]. The model includes this behavior by assuming
that two nearest neighbor molecules i and j form a HB,
reducing the energy of the system by a quantity J > 0,
if the variables σij and σji , one on each molecule and
each facing the other, are in the same state.

3) Experiments suggest that the formation of HB is
a cooperative process [132, 133], as discussed in
Ref. [48]. To include this effect, the model assumes

that the energy decreases of a quantity 0 < Jσ < J

when any two of the four variables σij on the same
molecules i are in the same state. The fact that Jσ < J

guarantees that this interaction implies a rearrange-
ment of all the HBs formed by the molecule i, being an
effective many-body interaction.

4) Experimental interpretations suggest that tetrahedrally
bonded water molecules form locally a low density
structure up to the second shell [19]. Increasing the
pressure or the temperature, the local density increases
as a consequence of the disruption of the tetrahedral
structure, i.e. as a consequence of the breaking of
the tetrahedral HBs considered here. A simple way
to include this effect in the model is to assume that
the volume per molecule V/N depends linearly on the
number of HBs NHB

V/N ≡ (V0 + NHBvHB)/N (1)

where V0/N is the molecular volume without accounting
for the HBs, depending on P and T, and vHB is the volume
increase per HB given by the difference in volume between
the local low-density tetrahedral structure and the compact
structure in absence of HBs.

All the above considerations are summarized by the
following expression for the enthalpy of the system [26,
110–113]

H +PV ≡
∑

ij

U(rij )−(J −PvHB)NHB−JσNcoop+PV0,

(2)

where rij is the distance between molecules i and j and
U(r) ≡ 4ε[(r0/r)12 − (r0/r)6] accounts for the van der
Waals attraction, involving different shells of molecules,
and the short-range repulsion of molecules.

The second term represents the directional (covalent)
component of the HB, with a characteristic energy J < 4ε,
where NHB ≡ ∑

〈ij〉 ninj δσij ,σj i is the number of HBs, with
the sum running over next neighbors and δa,b = 1 if a = b,
or 0 otherwise.

The third term accounts for the cooperative component
of the HBs, with a characteristic energy Jσ < J , where
Ncoop ≡ ∑

i ni

∑
(l,k)i

δσik,σil , is the number of pairs (l, k)i
of bonding variables in the same state and belonging to the
same molecules i.

The model has been studied within the mean-field
approximation using cavity method approach [26, 111],
finding functional relationships that qualitatively predict
the phase diagram. The thermodynamic and dynamic prop-
erties of the model have been analyzed in details using
Monte Carlo (MC) simulations in the NPT ensemble (i.e.,
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with number of molecules, pressure, and temperature con-
stant) [113, 116], with efficient cluster MC [90, 118] and
Kawasaki MC [117, 119, 120, 125, 127].

The model reproduces the experimental phase diagram of
water in its gaseous phase, liquid and the supercooled liquid
region with the line of temperatures of maximum density
(TMD) and the increase in the response functions. In addi-
tion, by changing the model parameters one can reproduce
the different scenarios for the anomalies of water. This capa-
bility offers the possibility to test numerically the theoretical
predictions of different scenarios to lower T, where the
experiments on bulk water are difficult for the inevitable for-
mation of ice, and to compare with more detailed simulation
models, minimizing by orders of magnitude the computa-
tional cost, while maintaining the possibility of comparing
the simulations with analytical calculations.

Tuning the Parameters: the Effect of Cooperativity
on Hydration Water

Tuning the parameters J/(4ε), Jσ /(4ε), vHB/v0 implies no
relevant differences in the gas and liquid phase above the
TMD line. However, a change of parameters has impor-
tant consequences for the phase diagram at very low T.
Stokely et al. have shown that all the proposed theories
for the origin of water anomalies, described in the Intro-
duction and summarized in Fig. 2, are reproduced by the
model by tuning the ratio between the covalent component
of the HB J and its cooperative component Jσ [48]. In the
limit Jσ → 0, i.e. without any cooperative behavior of
HBs, Stokely et al. recover the singularity free scenario.
Increasing the value of Jσ with respect to J they find the
liquid-liquid critical point scenario (LLCP) scenario with
a critical point at P > 0. Further increase of Jσ /J leads
to the LLCP scenario with a critical point at P < 0. By
increasing even more Jσ /J the critical point free scenario is
recovered.

Hence, the model allowed Stokely et al. to show that the
mechanism underling the different scenarios is the same and
is due to the cooperativity of water. In particular, Stokely
et al. estimated the value of Jσ /J from experiments and
predicted a LLCP at positive pressure [48].

The Behavior of Hydration Water at Cryopreservation
Temperatures

In Food Science is relevant to understand how water behaves
at extreme low temperatures, i.e. at temperatures that are
relevant for frozen food. Under these conditions, bulk liq-
uid water would freeze into ice or would be supercooled, i.e.
would stay in a metastable state with respect the ice phases.

On the other hand, confined water, such as water in bio-
logical cells or food, can be liquid also at extremely low
temperatures, depending on the confinement conditions. In
both cases the anomalous density behavior of water plays
a key role in the preservation of the properties of frozen
biological matter. Indeed, water thermal expansion coeffi-
cient αP at constant P become negative for T < 4 ◦C and
has a large increase in absolute value for T < 0 ◦C. As a
consequence, intra-cellular and extracellular water expands
rapidly at sub-zero temperatures with possible damages for
the biological matter.

A large increase for T < 0 ◦C is observed experimen-
tally also for the compressibility KT , i.e. for the density
fluctuations, and for the specific heat CP , i.e. for the
entropy fluctuations of water. The increase of these fluctu-
ations is deleterious for food preservation and, in general,
cryopreservation. Hence, it is important to understand the
underlying mechanisms to develop strategies to control the
problem.

The coarse-grained model for hydration water presented
above offers the possibility to gain insight into these
phenomena. Once established that the model-parameters
extracted from experiments are consistent with the LLCP
scenario [48], the model has been studied in details [26, 48,
111–113, 116–118, 120]. For example, it has been found
that the TMD line merges, in the deep supercooled region,
with the temperature of minimum density line [131] as seen
in the experiments [134].

In particular, our study of the increasing thermodynamic
response functions KT , CP and the absolute value |αP |
reveals unexpected properties, as shown by the new results
that we present here in Figs. 4 and 5. For P smaller than
the critical pressure PC of the LLCP the maxima of the
response functions are related to the Widom line [25, 26],
i.e. the locus of maxima in correlation length. The Widom
line emanates from the LLCP and extends in the one-
phase region of supercooled liquid. We have found that
the Widom line has a sharp negative slope in the P − T

plane, until it reaches the limit of stability of the stretched
liquid with respect to the gas phase at negative pressures
(liquid-to-gas spinodal) [131]. Recently, this prediction has
been shown to be consistent with experimental data [135–
138].

This property of the Widom line is a consequence of a
novel feature that has been predicted by the coarse-grain
model for hydration water: Mazza et al. have found two loci
of extrema for each quantity KT , αP and CP [126, 130,
131]. They find a broader and weaker maximum at high T
and a stronger maximum at lower T. All these maxima form
loci in the P − T plane that converge toward the LLCP at
PC − TC , where all the response functions increase largely
for finite systems and diverge in the thermodynamic limit,
as expected at a critical point.
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Fig. 4 The CP calculated by cluster MC dynamics along isobars
(lines at constant P), as in Ref. [131]. The color code along the lines
represents the value of CP . The points in the plane P −CP are the pro-
jections of the maxima of CP . Lines connecting the points are guides
for eyes, showing a large increase at PC � 0.6 and TC � 0.06. For
P < PC the locus of maxima of CP in the P − T plane overlaps
with the Widom line, as discussed in the text. All the quantities are
expressed in internal units: T in 4ε/kB ; P in 4ε/vHB; CP in kB

The Widom line coincides with the locus of strongest
maxima of CP , KT and |αP | that occur at lower T and are
almost P-independent. The Widom line marks the largest
change at P < PC in the thermodynamics and structural
properties, from LDL-like region at lower T to HDL-like
region at higher T. It converges to the loci of weaker maxima
of CP , KT and |αP | only near the LLCP, because the loci of
weaker maxima have a much stronger P-dependence. It is
noteworthy that in the literature the loci of weaker maxima
have been often considered as a manifestation of the Widom
line [25, 116]. This is probably due to the fact that in many
of the previous works the extremely low-T (approximately
180 K at 1 atm) was difficult to explore numerically for the
glassy behavior of system [45].

Fig. 5 The KT calculated by cluster MC dynamics along isotherms
(line at constant T ), as in Ref. [131]. The color code along the lines
represents the value of KT . The points in the plane T −KT are the pro-
jections of the maxima of KT . Lines connecting the points are guides
for eyes, showing a large increase in the same region of apparent diver-
gence in CP . All the quantities are expressed in internal units: T in
4ε/kB ; P in 4ε/vHB; KT in vHB/(4ε)

Along the loci of both weak and strong maxima of
response functions hydration water has structural changes
that are continuous without any real phase transition. How-
ever, these changes have important consequences in the
dynamics of the system. In particular, recent experimental
results for hydrated proteins [126] show that the existence
of two maxima in CP is consistent with two different
crossovers in the dynamics of the water layer adsorbed on
the protein.

The Dynamics of Nano-Confined or Protein-Hydration
Water

Transport and dynamics in nanostructured and highly con-
fined systems presents peculiarities and counterintuitive
behavior that are starting to be explored [139, 140]. Water
in zeolites, nano-porous materials, gels, or organic fibers are
examples that not only have a scientific interest but have
also practical uses.

Normal liquids diffuse less upon increasing pressure,
however water is anomalous in this respect: its diffusivity
increases with increasing pressure, reaching a maximum at
higher pressures. Above the pressure of maximum diffusiv-
ity water recovers the behavior of a normal liquid and its
diffusion constant decreases with increasing P. This phe-
nomenon is most evident in confined water, where it is
possible to observe liquid water at cryopreservation tem-
peratures, and in particular, when water is confined at the
nanometric scale. This scale, of interest for nanofluidics
studies [141], is comparable to the scale below which the
fluids lose their character as a continuum and show their
molecular characteristics. At these scale the dynamics of
fluids is strongly affected by the geometry of the confine-
ment, chemical composition and its molecular structure. In
the case of water additional complexity comes from the
interactions of water molecules with the hydrophobic or
hydrophilic interface [140].

The many-body model described above has been used
to study the dynamic behavior and transport of supercooled
water in confined nanostructures [116, 127], allowing a
number of theoretical predictions that have been verified
[57] in experiments with Quasi Elastic Neutron Scattering
(QENS) technique for hydration water of a protein at pres-
sures up to 1600 bar [142], and with dielectric spectroscopy
on protein hydration water [126]. The results compare
well also with experiments for water confined in silica
nanopores [50].

In particular, the model reproduces the anomaly of water
in the diffusion coefficient D [125, 127], i.e. the increase
of D along isotherms upon increasing the pressure due to
the reduction of the average number of HBs resulting in a
promotion of the molecule motion. However, the number
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of defects solely does not account for the peculiar diffusion
of water, with maxima and minima along isotherms. In a
recent study [127], de los Santos and Franzese calculate
a relation that quantitatively reproduces the behavior of D
parallel to the confining surface in highly confined water.
In particular, they focus on the high-T regime and clarify
how the interplay between breaking of HBs and cooperative
rearranging regions gives rise to the diffusion extrema in
nanoconfined water.

The competition between the free volume available for
diffusion and HB formation takes place in a cooperative
region of approximately 1-nm size. This results is consistent
with the average dimension of the rearranging regions of
glass-forming substances close its glass temperature [143].

Furthermore, it offers a natural explanation for the
increase of diffusion found in simulations of water when
confined in nanotubes with diameter smaller than 1 nm
[144] and in experiments for water in sub-nonometric con-
finement [145, 146]. As a consequence of the results of
the many-body model of confined water, when the confin-
ing channels are less than 1-nm in diameter, the number
of water molecules forming the cooperative rearranging
regions decreases progressively until reduces to isolated
molecules, which diffuse more quickly, despite the reduced
available space.

In particular, the calculations fit the experimental results
about the permeability of certain membranes of graphene
oxide and amorphous carbon [145, 146]. Although these
membranes prevent the passage of all types of liquids and
gases, it has been observed that water flows through them
with almost total freedom, up to 1010 times faster than
helium. This amazing property can be explained by the
microscopic structure of the membranes: the diameter of its
interstices amounts in fact to a nanometer, consistent with
the size of cooperative rearranging regions found with the
many-body model. Therefore, the application of this result
could multiply by thousand the desalination rate of current
membranes.

The calculations of the many-body model have also
shown that the cooperativity of the HB network can be
held accountable for the peculiar behavior of water hydrat-
ing proteins. For example, the model predicts [117] that
at cryopreservation T, i.e. approaching TC of the LLCP,
the hydration water dynamics becomes extremely non-
exponential, as can be characterized by a parameter called
“stretched exponent” β. The predicted value for β is in
agreement with experimental results on water hydrating
myoglobin [147, 148].

Moreover, by decreasing T at constant P, Kumar et al.
[116] found a dynamic crossover for the HB network of
a hydration monolayer at the same T as the occurrence of
the broad maxima of the response functions. They show
by analytic calculations and numerical simulations that the

crossover is a consequence of the structural change of
the HB network. Such predictions are in agreement with
the experiments on the hydrated lysozyme [62, 142] and
dielectric spectroscopy in confined supercooled water [58].

By further decreasing T in the simulations, Mazza et al.
have been able to show that there is a second crossover for
the HBs correlation time of hydration water. Their predic-
tion compare well with experiments for lysozyme hydration
water [126]. Their results further clarify that both crossovers
are related to structural changes in the HB network. The
high-T crossover (T ∼ 250 K) is due to the maxima in
fluctuation of the number of HBs and corresponds to the
weaker maxima in CP [126, 130, 131]. The low-T crossover
(T ∼ 180 K) is consequence of the cooperative reorganiza-
tion of the HBs and coincides with the strongest maxima in
CP and with the Widom line.

Confining Heterogeneities and Their Relevance
for Controlling the Physical Properties
of Hydration Water

A relevant question across a wide range of nanotechno-
logical applications, biological systems, and in particular
Food Science is how to control the physical properties of
hydration water. For example, an issue is how to reduce
the undesirable effects that water expansion at freezing
temperature has on food properties.

The effect of an interface between water and a organic or
inorganic surface could extend over nanometers due to the
propagation of disturbance in the network of HBs caused
by the surface, possibly showing a difference between
the response to hydrophobic and hydrophilic surfaces. An
important question that is emerging in areas such as the pro-
tein folding and nanotechnology is how the heterogeneity
of the hydrated surface affect the properties of water around
them [86, 109]. We consider here how the structure of the
nanoconfinement may change the anomalous behavior of
water at cryopreservation temperatures.

As a reference (homogeneous) case we study by MC sim-
ulations water confined between flat walls that interact with
the liquid through a Lennard-Jones potential or excluded
volume. In particular, we focus on the response functions
approaching the LLCP and on the definition of an appropri-
ate order parameter for the LDL-HDL phase transition. To
this aim, we follow the mixed-field approach [149, 150] and
define as order parameter M a linear combination of den-
sity ρ and energy E, M ≡ ρ + sE, where s is the mixing
parameter. Such order parameter accounts for the change in
density and energy between the HDL and LDL close the
critical point (Fig. 6).

Bianco et al. have shown that the LLCP belongs to the
Ising universality class in two dimension (2d) in the case of
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Fig. 6 Color-coded Gibbs free energy G/kBT in the energy-density
plane, close the liquid-liquid critical point. We calculate G from the
relation G/kBT = − ln P (E, ρ), where kB is the Boltzmann constant
and P (E, ρ) is the probability distribution of states with given values
of E (in units of ε) and ρ (in units of a3). The Gibbs free energy under
these conditions has two basins separated by a barrier 
G � kBT .
This is the order of magnitude of the free-energy barrier expected near
a critical point, where the system has enough thermal energy kBT to
freely cross the barrier 
G between the two coexisting phases. The
order parameter M characterizing the phase transition is related to the
line joining the two minima of Gibbs free energy

infinite walls. However, by increasing the confinement, i.e.
reducing the wall size L with respect the thickness of the
system, the system displays a behavior that is surprising: the
LLCP approaches the behavior of a system following the
universality class of an Ising model in three dimensions (3d)
[131]. We understand such unexpected behavior as due to
the strong cooperativity of HB network. This cooperativity
enhances the spreading of fluctuations in the system, lead-
ing to the broader critical distribution of the order parameter
that characterizes the 3d universality class with respect to
the 2d universality class.

The comparison of these results with those, by Strekalova
et al., for a water monolayer confined in a fixed disor-
dered matrix of hydrophobic nanoparticles at different
particle concentrations c [123, 128], offers a way to under-
stand how to control the fluctuations at cryopreservation
temperatures. Strekalova et al. find that the presence of
hydrophobic nanoparticles, even at volume concentration
as low as 2.4 %, reduces of 90 % and more the maxima
of KT , CP and αP and of the associated fluctuations in
density, entropy and cross-correlated entropy and density.
The result is interpreted as consequence of disruption of the
HB network due to the presence of the nanoparticles [123]
and is qualitatively consistent with recent experiments on
water confined in a hydrophobic mesoporous material with
average pore diameter 1.4 nm [151]. Under these conditions
the author of the experiments find that αP shows a much

broader peak with respect to the sharp peak observed in
hydrophilic confinement [151], reminiscent of Strekalova
et al. results on the reduction of the response functions with
respect to the c = 0 case.

A further study [152] about the effect of the hetero-
geneity in the nanoconfinement of liquids with water-like
properties, shows clear differences between a confinement
with an ordered structure and a disordered confinement.
While in the ordered nanoconfinement the large fluctuations
in density are preserved at cryopreservation T, in the dis-
ordered nanoconfinement the density fluctuations become
weaker as the disorder increases. These results qualitatively
explain recent experiments for water confined in a regular
hydrophilic matrix or in a disordered hydrophobic meso-
porous material. In the ordered confinement the anomalous
behavior of water is easier to observe at low T with respect
to bulk water [153], while in the disordered confinement the
anomalous behavior is suppressed [151].

Therefore, these analysis of the model suggest a way to
control the fluctuations and their effects at freezing temper-
atures. In particular, the inclusion of small concentrations of
a heterogeneous distribution of hydrophobic nano-sized par-
ticles or aggregate of bio-molecules, such as hydrophobin
proteins commonly used in food processing, could regulate
the large density fluctuations of the frozen water inside the
preserved food.

Effect of Interfacial Water on Protein Stability

The way a surface interacts with water affects the biolog-
ical response to the material. For example, hydrophobic
surfaces help the absorption of surfactants and proteins
because the process is energetically favorable. The absorp-
tion on the hydrophobic surface determines the reduction
of interface energy for the expulsion of water molecules
from the surface and its replacement with molecules of the
absorbed solute.

On the other hand, the hydrophilic surfaces are very
efficient activators of blood coagulation, in contrast to the
hydrophobic surfaces. They are also more effective then
hydrophobic surfaces for the process of implantation of
mammalian cells.

It is, therefore, clear that water plays a role in the free-
energy balance that rules the stability of a folded protein and
that its contribution depends on the hydropathy index, i.e.
the degree of hydrophobicity/hydrophilicity, of the exposed
amino acids [154]. Nevertheless, in biology, as well as in
material science, many of the hydrated surfaces have a het-
erogeneous hydropathy. For example, proteins have polar
and apolar groups on the surface depending on their config-
uration. Therefore, the effect of interfacial water on protein
stability is difficult to evince.
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Several interpretations have been proposed in the last
decades [90]. Here we focus on two interpretations of the
hydrophobic effect: one based on the idea that “cages”
(clathrates) of water form around the hydrophobic solute,
giving rise to a solute-solute force of attraction due to
the increase of entropy upon overlap of the cages. These
structures reduce the entropy with respect to the bulk and
compensate, approximately, the enthalpy cost for the cre-
ation of a cavity which can be occupied by the solute. This
interpretation is supported by theoretical analysis for small
apolar atoms (e.g., rare gases).

In an alternative interpretations, large hydrophobic sur-
faces repel water (depletion) and attract each other to offset
the free-energy cost due to “dehydration”. This hypothesis is
supported by experimental observations of nanobubbles and
water density depletion on hydrophobic environment [101,
155]. Lum et al. [156] have developed a mean-field theory,
suggesting that the crossover from the “cage” regime to the
“dehydration” phenomenon occurs when the solute size is
of the order of 1 nm.

In simulations the effect of dehydration is evident only
when the component of the attractive interaction between
water molecules and hydrophobic surfaces is disregarded
[157] and Hotta et al. have shown, with TIP4P-water and
hydrophobic fullerene C60 and C60H60 [158] or carbon nan-
otubes [159] with nanoscopic size, that if one considers
an attractive LJ interaction between carbon and oxygen of
water (i) there are fluctuations between the formation of
cages and dehydration, and (ii) the regime of dehydration
is stabilized when creating regions where the solute could
form a network of H bonds that will cost too much free
energy [159].

How these observations help us to understand protein
stability and denaturation is matter of debate. Denatura-
tion is a process that determines the loss of functionality
of the protein and is observed at temperatures that are usu-
ally higher than 60 ◦C (melting process due to increased
kinetic energy) and in general well below 0 ◦C (when
there is no energy in the thermal bath to break bonds: cold
denaturation).

In the low-T case the physical interpretation is unclear
[90, 160, 161]. Some models propose that the denat-
uration is determined by the different energies asso-
ciated with different configurations [7, 9] by show-
ing that when cold denaturation occurs more HBs
between the molecules of hydration water are formed
[8].

Other models identify the cause in the density fluctua-
tions of interface water [11, 13] or in the destabilization
of hydrophobic contacts because of the displacement of
water molecules inside the protein [161]. The latter mech-
anism is also proposed for high pressures denaturation
[162].

A long-debated idea is that the folded state is stabilized
by a strongest network of HBs at the protein interface [163–
165]. These stronger HBs would form a quasi–ordered net-
work of water molecules hydrating the nonpolar monomers
of the protein.

In order to understand the effect that the fluctuations
in the hydration water structure has on the processes of
cold (and pressure) denaturation, we propose a coarse
grain-model for water-protein interaction. For sake of sim-
plicity, following other authors [160, 161, 166–170], here
we approximate the protein as a self-avoiding hydrophobic
homopolymer. Therefore, we do not discuss here the effect
of water hydrating polar monomers.

Our approach is based on the many-body model for
water we presented before. We add to the enthalpy of
water, described by the Eq. (2), a term for the water-water
interaction at the hydrophobic interface [90, 123]

Hs = −λJ
∑

<ij>s

ninj δσij δσj i , (3)

where λ is a parameter and the sum is taken over water
molecules that are hydrating the exposed polymer surface.

We consider λ > 0. In this case the enthalpy decrease
for the HB formation in the hydration shell is −J (λ +
1) + PvHB , larger than the enthalpy decrease for the HB
in the bulk. The water protein interaction is represented by
excluded volume with no monomer-monomer direct interac-
tion. This oversimplification allows us to better test the role
played by hydration water in the folding-unfolding process.

We simulate the system via Monte Carlo simulations,
using different algorithms:

(i) Metropolis algorithms that reproduces the local Brow-
nian dynamic of water molecules and polymer
monomers;

(ii) “parallel-motion” algorithm where polymer macro-
movements are allowed in order to explore in a fast
way the accessible protein configurations.

In both cases, we study the unfolding of the protein
adopting an initial condition with the polymer is in its folded
state. To check the stability of the folded state under specific
thermodynamic conditions, we set the bath temperature T
and the external pressure P and equilibrate first the water
in the system, without changing the protein configuration.
Next, we allow for protein-configurations changes, equi-
librating both water and the protein in contact with the
thermal bath at the given P. By following heating or cooling
protocols at constant P, we calculate the limits of stability
of the initial folded state with respect to the unfolded states.

In our preliminary results we observe that a folded
protein unfolds upon cooling, giving rise to the cold denat-
uration process. The folded state is stable in a finite range
of pressures. Indeed it unfolds by increasing the pressure as
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expected by pressure denaturation, and we also observe the
unfolding by decreasing pressure, a phenomena that is pre-
dicted by general theoretical considerations. Further work is
in progress to give definitive results.

Conclusions

Water has an anomalous behavior compared to other fluids.
Four possible scenarios have been proposed to explain water
anomalous properties. The theoretical study of the many-
body model for hydration water, described here, performed
with analytic and simulation techniques [48] at cryogenic
temperatures, of the order of −100 ◦C, allows us to conclude
that the four scenarios are particular cases of a more general
theory. A relevant result of this analysis is that there are two
physical quantities that rule which of these scenarios hold
for water. These two quantities are (i) the value of the direc-
tional component of the hydrogen bonds and (ii) the value
of their cooperative component. According to experimental
estimates, it is possible to conclude that of the four scenar-
ios, the one with a critical point between two liquids better
fits the experiments. A recent confirmation of this predic-
tion of a critical point between two liquids comes from
simulations of an atomistic model of water [45]. This result
applies to disciplines such as cryobiology or cryopreser-
vation of organic material, e.g., stem cells or food, where
the knowledge of the thermodynamics of hydration water is
fundamental for the optimization of the processes.

Specifically, as a consequence of this understanding it
has been possible to reveal, with a combination of experi-
mental and theoretical techniques, that the water molecules
that hydrate a lysozyme protein have a new thermodynamic
property at low temperatures. This property is characterized
by two specific-heat maxima at ambient pressure: one, at
approximately 252 K, is due to fluctuations in the forma-
tion of hydrogen bonds; the other, at approximately 181 K,
is due to the cooperative rearrangement of the network of
hydrogen bonds [126]. As a consequence of these two struc-
tural changes of the hydration water network, the dynamics
of the water-protein complex presents two crossovers at the
same two low temperatures. Therefore, the thermodynam-
ics of hydration water directly affects the dynamics and,
as a consequence, the activity of the protein at these low
temperatures.

Further understanding of the role of the thermodynamics
of hydration water in food-processing and in applications
for biological matter comes from the theoretical study
of nanoconfined water. We have shown that hydration
water behaves as a two-dimensional system as long as the
confinement is strong only along one spatial dimension.
By increasing the confinement along all the three spacial
dimensions, we observe a crossover of the thermodynamics

from two-dimensional to three-dimensional. Therefore,
increasing the confinement makes water thermodynamics
more consistent with that of bulk water. This result has a
relevant practical effect because the density fluctuations
in three dimensions are stronger than in two dimensions.
Therefore, a stronger confinement could induce a larger
damage of the confining biological matter as a consequence
of density fluctuations [131].

Nevertheless, the degree of heterogeneity of the confin-
ing matrix can represent a way to control the fluctuations
and their deleterious effects. Simulations of the many-body
model of hydration water presented here in a hydropho-
bic heterogeneous matrix have revealed a strong decrease,
between 90 % and 99 %, at all the considered pressures,
of water compressibility, thermal expansion coefficient and
specific heat [123].

Furthermore, simulations for a water-like system at cry-
opreservation temperatures, within a hydrophobic matrix,
show that depending on the degree of heterogeneity of
the matrix the fluctuations, and the anomalous water-like
behavior are largely affected. In particular, the order matrix
enhances the water-like fluctuations, while the disordered
confinement suppresses the anomalous behavior [152].

In addition, the combination of theoretical analysis and
simulation methods has been useful to shown that anoma-
lous diffusion of hydrophobically nanoconfined water is
a consequence of the interaction between the rupture of
hydrogen bonds and the cooperative reorganization of
molecules in regions of a characteristic size of 1 nm. This
result explains why water diffuses faster when is confined
between hydrophobic surfaces that are separated by less
than 1 nm, a phenomenon relevant for the practical real-
ization in the near future of desalination processes and
water filtering by nanoscale graphene membranes or carbon
nanolayers [127].

The extension of these analysis to study the stability
of folded protein with respect to variation of temperature
and pressure is now in progress. At the same time, we
are considering the complex problem of water-mediated
interactions between proteins and nanoparticles in physio-
logical solutions. Our aim is to better understand the role
of hydration water in these processes. Reports about these
calculations will be released soon.
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