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Water is an abundant commodity and has various important functions. It stabilizes the structure of biological macromolecules, controls biochemical activities, and regulates interfacial/intermolecular interactions. Common aspects of interfacial water can be obtained by overviewing fundamental functions and properties at diﬀerent temporal and spatial scales.
It is important to understand the hydrogen bonding and structural properties of water and to evaluate the individual
molecular species having diﬀerent hydration properties. Water molecules form hydrogen bonds with biomolecules and
contribute to the adjustment of their properties, such as surface charge, hydrophilicity, and structural ﬂexibility. In this
review, the fundamental properties of water molecules and the methods used for the analyses of water dynamics are
summarized. In particular, the interrelation between the hydration properties, determined by molecules, and the properties
of molecules, determined by their hydration properties, are discussed using the lipid membrane as an example. Accordingly,
interesting water functions are introduced that provide beneﬁcial information in the ﬁelds of biochemistry, medicine, and
food chemistry.

1. Introduction
Water is an abundant and interesting molecule that has
various functions in biological systems. In this context, it has
attracted much interest in a variety of research ﬁelds. Water
is the only solvent that can be drunk without serious risks to
human health, and is therefore indispensable in the food and
medical ﬁelds. Speciﬁcally, the hydration state of food is one
of the important and determining factors of its quality. The
water (moisture) content of food controls its subtle taste and
texture. Accordingly, controlling the amount and state of
water is critical for the preservation of the quality of food
because the elimination of water drastically reduces the
growth of living species (bacteria and fungi). Drying and
freezing foods prevent the growth of microorganisms, and
they thus constitute useful techniques for food preservation.
Conversely, drying and freezing may diminish the taste of
food because the characteristics of water (or ice) play very
important roles in the organization of the constituent
structures of materials in food. Salting and sugaring also

improve food stabilities, while higher concentrations of salt
lead to the denaturation of proteins. The colloidal properties
of solution are also sensitive to the amount of water. In
systems which only consist of oily components, the phase
separation behaviors can be dependent on the composition,
temperature, pH, salt concentration, and the presence of
surfactants. In the case of agar hydrogels often used as edible
polymers, their stiﬀness can contribute as a determinant of
taste, wherein the hydration state is a considerable factor
that determines the sponge structure of the formed hydrogel.
Considering the above, the quality of food is relevant to the
hydration state and to the structure of the component.
Regarding the stability and freshness of food, an important concept relates to the method/approach required to
maintain the structure of cells, proteins (or enzymes), and
self-assembled compounds in food materials. The capacity of
water molecules to functionalize biological molecules and
their assemblies has been investigated for many years [1].
Water molecules are essential for the maintenance of the
physiological cell function and structure. Therefore, it is
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required to understand how it behaves as a modulator from
various viewpoints, including chemical, physical, and biological. The biological interfaces, e.g., the surfaces of
proteins, nucleic acids, and lipid membranes, are usually in
well-hydrated states, and the properties of interfacial water
have been attracting the interest of researchers for years
[2–5]. The functions of proteins are in many cases strongly
related to their structure, including the hydration water
layer, wherein the hydration state of the protein surface
aﬀects the protein conformation [6]. Additionally, the water
molecules associated with proteins can work to modulate the
conformational properties of protein motifs [7, 8]. In cell
systems, the behaviors of water at the lipid membrane
surface are directly related to the maintenance of the cell
structure and to their interactions with biomolecules [9].
Information on the hydration properties of the lipid
membrane is also useful in the medical and biological ﬁelds.
Furthermore, the polarity of the lipid membrane (hydrophilicity) is an important indicator in the targeting of nutrients and drugs to cells, both in terms of the estimation of
biocompatibility and modulation of bioavailability [10, 11].
Therefore, a precise understanding of the fundamental
hydration properties of the lipid membrane is required.
The lipid bilayer membrane is organized based on the
hydrophobic interactions between amphiphilic molecules
that constitute the hydrophobic-hydrophilic interface in an
aqueous system. The lipid bilayers, usually found in cell
membranes and a part of the outer membranes of intracellular compartments, act as physical barriers to prevent
the free permeation of water and water-soluble compounds,
thus playing an essential role in the maintenance of cellular
homeostasis. In the various types of biological interfaces
(including lipid membranes), the key aspects pertaining to
the roles of water molecules are as follows: (1) hydration
properties that can be inﬂuenced by the formation of hydrogen bonds between the hydration water molecules and
the substance of interest and (2) classiﬁcation of water
molecules according to their hydration characteristics, such
as the strong hydration properties/characteristics exhibited
at the interface or in the bulk. Although the hydration
properties of food are complicated, the hydration water layer
of each component (proteins, nucleic acids, membranes, and
other small molecules) is still relevant from the viewpoints of
chemistry, biology, medicinal chemistry, and so on
(Figure 1).
In systems, such as proteins, lipid membranes, and
polymer surfaces, the interfacial water molecules exist as
hydration water layers and exhibit diﬀerent properties
compared to those in bulk water. In the case of the hydration
water in a phospholipid bilayer membrane system, the
binding state of the hydration water varies, depending on the
binding position [12]. The water group that binds directly at
the interface can be considered as a ﬁrst-order hydration
water group. Additionally, the associating water molecules
around the ﬁrst group can be more ﬂexible, and these groups
can be regarded as second-order hydration water groups.
Recently, an increased focus has been documented on the
classiﬁcation of the interfacial hydration water on such
groups because each hydration water group can play
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important roles in (a) modulating protein structure and
function and (b) regulating adhesion among (bio)materials
[13]. It is also important to evaluate the thermodynamic
properties of hydration instead of observing the binding
properties. The classiﬁcation of interfacial water molecules
into several groups allows us to understand their contributions. The understanding of the hydration properties is
essential for food materials from the viewpoint of the
structural stability and function of each component, including the lipid membranes. In this review, the recent
approaches adopted for the investigation of water properties,
and the fundamental interrelation between hydration and
molecular properties, are summarized with a special focus
on lipid membrane properties.

2. Basic Properties of Water
Molecules/Observation of Water
Water molecules thermally diﬀuse in liquid to perform
certain functions by assuming certain structures: Eisenberg
and Kauzmann assumed that the structure of water molecules is classiﬁed according to the observation time (Figure 2) [14].
(a) I, structure at each instant (t < τ v)
(b) V, structure averaged with respect to vibration
(τ v < t < τ D)
(c) D, structure averaged with regard to the orientation
and movement of molecules (τ D < t)
The orders of τ v and τ D are 10−13 s and 10−12 s, respectively. Most of the water properties are investigated to
relate to the D-structure, whereas there are few measurement methods relevant to the V-structure. The evaluation of
the hydration water behaviors can be dependent on the
measurement method in accordance with the characteristics
of the target water.
2.1. Experimental Approach: Observations of Direct Motion of
Water Molecules. X-ray and neutron diﬀraction spectroscopy are representative experimental methods that have
been used to evaluate water molecules on nucleic acids,
proteins, lipid membranes, reverse micelles, etc. The orientations of the water molecules within the hydration layer
have also been discussed [15–19]. The properties of the
hydration layer are not simple. Accordingly, related studies
on hydration layers are discussed in Section 3. Given that
X-ray diﬀraction and neutron diﬀraction measurements
require crystallized samples, the molecular structure and
patterns might be diﬀerent compared to those in aqueous
solution systems. Speciﬁcally, these approaches are eﬀective
in identifying potential properties, such as the stereoscopic
characteristics at the interface (including the hydration
water). Small-angle X-ray scattering (SAXS) and small-angle
neutron scattering (SANS) have been adopted to evaluate
molecular structures at the nanometer scale, and they are
often used for the investigation of the hydration layer
[20–23]. A molecular distribution analysis suggests that the
density of water in the hydration layer on the protein is
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Figure 1: Possible role of water in various ﬁelds.
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Figure 2: Classiﬁcation of water molecules. Illustration was drawn according to Eisenberg and Kauzmann [14]. (a) I-structure.
(b) V-structure. (c) D-structure.

approximately 15% higher than the water density in the bulk
[21, 23]. Additionally, in lipid bilayer systems, the excess
number of water molecules can be distributed at the
membrane-bulk interface region [24]. By employing SAXS,
the structural properties of food can be evaluated. From a
scientiﬁc viewpoint, the self-organized structure of mayonnaise can be categorized in emulsion gels (oil-in-water
emulsions) or in bicontinuous cubic phases [25].
Infrared (IR) and Raman spectroscopy can be utilized to
investigate the behaviors of hydration water at interfaces

[26–29]. Nonhydrogen bonding water molecules have been
reported by many researchers based on Raman spectroscopic analyses [29–31]. Typically, H2O or D2O is employed
as solvents for biological species, and the contribution of the
O-H or O-D vibration stretching modes from target molecules is analyzed. Walrafen et al. observed the isosbestic
point in the O-D vibrational modes measured at diﬀerent
temperatures. In overlays of these spectra, each spectrum
yielded a cross point at a speciﬁc frequency. By varying the
temperature, the frequencies derived from pure α2 and pure

4
β2 (whereby α and β correspond to polarizability and anisotropy, respectively) yielded the isosbestic point. This
suggests that the hydrogen-bonded and nonhydrogenbonded water are in a thermodynamically equilibrium
state [32, 33]. The ΔH° value of the OH–O bond was estimated to be −2.6 kcal/mol [34]. In Raman and IR measurements, several types of vibrational peaks are summed in
one spectrum, and peak deconvolution is thus an eﬀective
tool in assigning the contribution of each molecule or bond
[35–37]. These methods are very useful for evaluating the
dynamic behaviors of water molecules.
Flexible molecules, such as solutes in aqueous systems, or
molecules in self-assembly systems, exhibit dynamic behaviors in response to external stimuli. This is derived from
the reorientation of the associated water molecules. Spin
relaxation of hydrogen or oxygen isotopes can be measured
as a function of time [38]. In general, the molecular dynamics can be evaluated at the order of nanoseconds to
investigate the behaviors of proteins and nucleic acids
[39–41]. Accordingly, the net rotational correlation time of
water molecules is obtained based on magnetic relaxation
dispersion (MRD) to monitor the slow dynamics associated
with biomolecules. In experimental approaches, it is diﬃcult
to distinguish the molecular behaviors of water molecules
because the physicochemical property diﬀerences between
free water (bulk water) and hydration water are extremely
small. Correspondingly, computer simulation approaches
have been extensively employed (e.g., MD simulations, etc.)
[42–44]. Furthermore, NMR measurements reﬂect the information of all the molecules from the entire system.
However, it could be diﬃcult to identify the signals of the
hydration water and solvent water in solution NMR measurements. By contrast, the MRD analysis has been extensively studied to monitor the dynamic behavior of the
molecules and has been shown to elicit results that are highly
correlated with the outcomes of simulation studies [45–47].
The sum-frequency generation (SFG) vibrational spectroscopy can observe an asymmetric molecular fraction in
the vicinity of the interface [48]. It is mainly used for analyzing the hydration state to the lipid membrane at an airwater interface [43], and it is applied to monitor the direction at which the water molecules orient themselves
around the lipid head group (H-up, H-down) [49, 50].
Although there are limitations associated with the directionality at the interface and with the experimental
conditions, SFG is a powerful tool used to evaluate the
orientation of water molecules at the molecular surface.
2.2. Experimental Approach: Observations of Water Molecules
as a Group. In dielectric relaxation spectroscopy, it is
possible to observe the behavior of the dipole moments of
water molecules [51–54]. If the system is swept by an alternating electric ﬁeld, the dipole of the water molecule
exhibits a Debye relaxation. Given that the relaxation time of
water is relevant to the hydration characteristics, its value
depends on the reorientation time of individual molecules
[55]. The precise deﬁnition of the scale of each water group is
still under discussion. In addition, the bulk water molecules
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aﬀect the hydrated water molecules in the vicinity of the
target molecule [41, 56, 57]. Therefore, it is necessary to
consider the fact that the observed dynamics of water are
cooperatively restricted compared to its original characteristics. As an improvement of the experimental method,
the number of hydration water molecules can be estimated
based on the deconvolution of the multiple relaxation peaks
[44].
Dynamic light scattering (DLS) and the optical Kerr
eﬀect are sensitive to the refractive index of the solvent.
Similar to the dielectric relaxation analysis, the polar tensor
relaxation can be measured using these methods. Given that
the molecular polar tensor of water is almost isotropic, these
techniques essentially probe the collective translational
rearrangements of the water molecules [56, 57]. Terahertz
spectroscopy can measure the physical properties corresponding to the distortion of the hydrogen bond network in
the far IR range. By comparing the bands near the bulk and
the molecule, the hydrogen bond in the vicinity of the
molecule can be detected. Utilizing this technique, the existence of a dynamic hydration shell with a thickness of 20 Å
has been observed around proteins [58–61]. There are some
assumptions in this deﬁnition pertaining to the restriction of
this shell, including its uniform distribution, for example.
Dielectric properties relate to the water activity (aw) that
constitutes a representative index for the water aﬃnity on
food material. There are some reports on the application of
the dielectric analysis mentioned above for the purpose of
the investigation and monitoring of the quality of the food
products [62, 63].
2.3. Experimental Approach: Indirect Observation of Water
Behavior. Highly sensitive and speciﬁc information on the
biological interface can be obtained from molecular probe
methods. To evaluate the hydration environment at biological interfaces, numerous ﬂuorescent molecules have
been developed in which the probes are sensitive to their
local environment [64]. Various probe molecules have
been designed and optimized: herein the probe preferentially binds to the target molecule and elicits strong
ﬂuorescence signals reﬂecting their microscopic surroundings. Usually, the internal part of biomolecules
(core of proteins, strand regions of nucleic base-pairs) is
hydrophobic compared to water, and the inserted ﬂuorescent probe can thus emit a stronger ﬂuorescence signal.
For example, the exposed hydrophobic site in the denatured protein or the self-assembly surface, such as the
lipid membrane, can be detected by polarity-sensitive
probes, such as the 8-anilino-1-naphthalenesulfonic
acid (ANS) and 6-(p-toluidino)naphthalene-2-sulfonate
(TNS) [65–69]. Solvent-sensitive ﬂuorescent probes, such
as 6-propionyl-2-dimethyl-aminonaphthalene (prodan),
6-dodecanoyl-2-dimethylaminonaphthalene (laurdan),
ANS, and TNS, are extensively used for the characterization of the lipid membrane [70–73]. These molecules
have a dipole moment following their excitation and
induce the relaxation of the surrounding water molecules.
Hence, they exhibit various ﬂuorescence characteristics
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according to the degree of solvent relaxation [74, 75].
The speciﬁcity of the ﬂuorescent probe’s location in
the lipid membranes has advantages and disadvantages.
An advantage is the fact that the choice of a speciﬁc
probe enables us to analyze more localized information
toward the lipid bilayer, such as the membrane surface
region monitored by 1-(4-trimethylammoniumphenyl)6-phenyl-1,3,5-hexatriene (TMA-DPH), for example.
The membrane inner region can be monitored by 1,6diphenyl-1,3,5-hexatriene (DPH) [76]. A disadvantage is
the fact that the ﬂuorescence property (quantum yield)
can be varied depending on the polarity and viscosity of
the solvent. Thus, the information obtained from a single
ﬂuorescence probe could include multiple factors. Accordingly, the alteration of the membrane property can be
induced by an external molecule (e.g., protein binding)
and vice versa. The use of multiple ﬂuorescence probes can
solve these problems. Therefore, it is recommended that
several types of probes be used such that the interfacial
polar environment can be systematically investigated
[77–79].
The type and quantity of water molecules can be identiﬁed by using diﬀerential scanning calorimetry (DSC) based
on the heat balance of the water freezing/thawing processes.
In the polymer systems, the water molecules can be classiﬁed
into the intermediate and free water types and can be observed with (a) endothermal peak temperatures > 0°C and
(b) < 0°C, respectively [80, 81]. Because the water in polymers does not freeze at temperatures less than 0°C, it can be
distinguished from free water (bulk water). Therefore, the
amount of nonfreezing water can be evaluated by identifying
the diﬀerence between the amount of intermediate water
and free water obtained from the entire system. This is a very
eﬀective method because the heat capacity can be evaluated
from the dilution/melting peak. Regarding the evaluation of
water in the biomolecules, the structure of the molecule
largely aﬀects the hydration characteristics. Thus, the differentiation of the type of water constitutes a signiﬁcant
problem. Each experimental approach has limitations regarding the observable time allotted to the dynamics of the
target molecule. According to previous reports, the experimental approaches used for the investigation of water
dynamics are summarized in Figure 3.
2.4. Simulation Approach of Water Behavior. For the computational simulation of water dynamics, it is essential to set
the force ﬁelds of water and coexisting molecules. Until now,
many potential functions have been proposed to produce the
molecular behaviors in simulation approaches [83]. Given
that the most extensively used approaches are based on the
theoretical and experimental results, various models of water
molecules have been developed, such as TIP3P, TIP4P, SPC,
etc. [84–87]. The average number of nearest neighboring
molecules was increased to almost ﬁve in liquid water.
Additionally, the average number of hydrogen bonds per
molecule decreased to three in comparison to the state of ice.
Recent studies revealed the possible structures of water
clusters composed of four or eight molecules, and the
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mechanism responsible for the density ﬂuctuations is well
supported by simulation results [88]. Some representative
water clusters, such as the cyclic pentamer, bicyclo-octamer,
and tricyclo-decamer, are relatively stable, and the dynamic
behavior exchanging continuous formation of hydrogen
bonding networks has also been studied [89].
Considering the behavior of water as solvent, simulation
calculations at the hydration layer must be conducted. The
hydration shell can be deﬁned as a group of water molecules
in which the orientation of the dipole moment is in a good
arrangement in the ﬁrst layer (with a thickness which is
approximately equal to 3.5 Å). However, the deﬁnition of the
hydration shell (or layer) is controversial because the water
molecules in these layers exhibit diﬀerent properties
depending on their interaction states with other molecules
[13, 42, 59, 60]. The distance to the ﬁrst minimum value in
the radial distribution function can be deﬁned as hydration
shell including whole contributions of the motional properties of water molecules such as rotation, translation, and
hydrogen bonds [82, 87, 90, 91]. Finally, the mechanical
properties of the water molecules present in the hydrated
shell can be investigated [92].

3. Hydration Layer
The water molecules randomly distribute depending on their
dipole-dipole interactions and form a hydrogen bond network among water molecules via electrostatic interactions.
Ultimately, a layer of water molecules is formed from a
hydrophobic interface with a thickness that spans several
nanometers [93, 94]. Although the deﬁnition of the hydration layer varies depending on the interface to be targeted, a similar tendency can be observed within biological
interfaces. Uedaira et al. suggested a concept of structured
hydration layers based on studies using the 17O NMR spinlattice relaxation [95]. The authors deﬁned the dynamic
hydration number nDHN that represents the dynamic
characteristics of hydration. The thickness of the structured
water is at least several nm irrespective of the type of material
constituting the interface, that is, the hydration layers
comprising approximately 10 water molecules are structured
[95].
Israelachvili et al. measured the intermolecular forces
between mica plates in dilute KCl solutions [96]. The
interaction of the two interfaces was well explained by the
DLVO theory using distances of 10 nm or less. When the
distance of the interfaces was less than 1.5 nm, the oscillations appeared at every 0.25 ± 0.03 nm [97]. In this
case, 6-7 oriented water molecules existed between the
mica plates. The short-range hydration force between the
smooth rigid surfaces was always oscillatory as water
molecules attached to the hydrated surface groups and
formed an ordered layer [97]. This repulsive force is a
synergistic hydrogen bond (polarized) interaction that
attenuates as a function of distance from the surface
[98, 99]. Interestingly, in ﬂexible surfaces, such as lipid
membranes, these vibrations are averaged into a monotonous repulsive force because of the roughness of the
head group of lipid molecule and the repulsive thermal
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Figure 3: Experimental approach for the investigation of water dynamics. The molecular properties of water are summarized according to
Fogarty and Laage [82].

fluctuation force that arises from the dynamic nature of
the lipid membrane surface [100–102].
The hydration layer on the MgO solid surface is consistent of approximately 10 molecules (with single-molecule
layers and layers with thicknesses spanning two or three
molecules) [103]. The first water molecules orient in such a
way that (a) one hydrogen atom faces the oxygen atom of
MgO and (b) the OH groups are aligned parallel to the MgO
plane. The thickness of the first layer is in the range of 0.20.3 nm, while the second layer is a more distributed alignment of the water molecules with thickness values in the
range of 0.4–0.6 nm. Thicknesses equal to three or more
layers are equivalent to bulk water, and the orientation
anisotropy disappears. According to Zhang et al., the selfdiffusion coefficient of water in the wall of the capillary
(ε  5) ranges from 4.5 to 4.9 × 10−9 m2·s−1 and that of bulk
water is two times smaller and equal to 2.7 × 10−9 m2·s−1
[104]. A group of water molecules in the form of a layer on
such an interface has been extensively studied as functional
water [13, 61].
In the polymer system, the water layer, commonly referred to as an intermediate layer, is assumed to adjust the
accumulation of proteins [59, 82]. In a separation system
using a polymer, such as in artificial dialysis, grasping the
activity of water molecules in this intermediate layer leads to
the design of a high-performance separation membrane. The
water molecules at these intermediate layers are measured by
using DSC, dielectric spectroscopy, NMR, and so on. In the
case of biopolymers, it is argued that a layer comprising a
single molecule is defined as the first hydration layer, while a
second hydration layer has a thickness that spans 2–10

molecules [13]. In biomolecules, some polar or charged sites
appear on the surface that can strongly interact with the first
layer of water molecules via hydrogen bonds or electrostatic
interactions. These heterogeneous states in the hydration
properties can result in the generation of electric fields.
However, these properties have not been well clarified. The
concepts related to the hydration layer according to the
reviewed studies are summarized in Figure 4. The food
materials derived from animals or plants can be considered
as the assembled cell tissue, wherein the front part of the
food material surface can consist of cell membranes. In the
following sections, the correlation between the hydration
behavior and molecular properties is discussed, especially
focusing on the lipid membranes as representatives of the
potential functions of biological interfaces.

4. Hydration Properties in Lipid Membranes
The lipid bilayer membrane provides different polar environments, whereby the surface regions from the lipid head
group to the glycerol group are hydrophilic. In contrast, the
inner membrane region is hydrophobic owing to the accumulated hydrocarbon chain [105]. For the experimental
study of lipid bilayer membranes, the “liposome” can be used
as the artificial self-assembled entity with a phospholipid
membrane (Figure 5). The hydration layer is formed between bulk and hydrophobic core regions. Herein, the word
“membrane surface” indicates the hydrophilic region of the
lipid bilayer, which acts as the interface of interaction with
the surrounding solvent water. The “membrane interface”
indicates the border between the hydrophilic and the
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hydration method [109].

hydrophobic regions of the membrane, that is, the region
around the carbonyl group of the lipid molecules. The hydration state of the lipid membrane is complicated (cannot
be simply defined) owing to the various contributing factors,
such as for example, the chemical structure of the lipid head

group, acyl chain packing state, lateral interaction
between lipids, etc. A typical zwitterionic phospholipid,
e.g., diacylglycerophosphocholine (PC), known as lecithin,
possesses both a negatively charged phosphate group and a
positively charged choline group. These zwitterionic head
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groups are strongly hydrated via hydrogen bonds with
solvent water. In a phosphate group, the bound water
molecules are retained in a tetrahedral structure around the
oxygen atoms [106–108]. The water molecules associated
with the positively charged choline group are weakly
connected to each other in a clathrate hydration state
[106, 107]. As shown in the 1,2-dipalmitoyl-sn-glycero-3phosphocholine (DPPC) membrane, the water molecules
around the CH2 moieties in the choline group are distributed
according to the Gaussian distribution, regardless of the
membrane phase state. Hence, their existence cannot be
ignored [82].
In general, the hydration layer formed on the surface of
the PC membrane prevents the access of water-soluble
molecules, despite the existence of the thin hydration
layer which has a thickness of approximately 1 nm [24]. It is
still unclear how such a hydration layer can inhibit the access
to external molecules. A thicker hydration layer can stabilize
the self-assembled structure of the membrane, which is one
of the important topics related to the design of drug carriers
[110]. The hydration property of the membrane can be
varied depending on the lipid head group. In addition, the
lipids modiﬁed with polyethylene glycol (PEG) and glycolipids allow the existence of large numbers of water molecules in the form of a hydrated sponge [111]. In
consideration of other factors that inﬂuence the hydration
behaviors, the simulation study on the associated dynamics
has investigated the fact that the hydrogen bonds between
the water molecules are strengthened on the lipid membrane
that is composed of phosphoethanolamine (PE) lipids [107].
The PE has a small head group which creates a ﬂat membrane surface, thus resulting in the enclosure of lipid
molecules. From this point-of-view, it is considered that the
uniformity of the charge characteristics of the surface layer
also contributes to the stability of the bonds between the
water molecules [112].
In research studies using SFG, the direction and hydration characteristics of the water molecules at the
hydrophilic/hydrophobic interface were evaluated. One of
the advantages of SFG measurements is the observation of
the orientation of molecules localized at the bulk-membrane
interface [48, 106]. In the lipid monolayer system formed at
the air-water interface, the water molecules in anionic lipid
membranes, such as 1,2-dipalmitoyl-sn-glycero-3-phospho(1′-rac-glycerol) (DPPG), are oriented to direct the hydrogen atoms toward the lipid head, while the water molecules exceeding the phosphate group are oriented so that
the hydrogen atoms are directed in the opposite direction
[48]. For cationic lipid membranes, such as 1,2-dipalmitoyl3-trimethylammonium-propane (DPTAP), the orientation
of the hydration water layer is opposite to that in the case of
DPPG, wherein the water on the bulk side and inside the
membrane directs oxygen atoms toward the head group
[48]. Such orientations of water are very important for the
understanding of the complex hydration environment at the
lipid membrane surface.
From the structural point-of-view, it has also been
suggested that the water molecules existing among acyl
chains contribute to the stability of the structure of the
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molecule, based on simulation and FTIR studies [113, 114].
Alarcón et al. analyzed the hydration state of DPPC using
simulations, and conﬁrmed that the water molecules between the acyl chains formed a chain-like conﬁguration
which was stabilized in the acyl chain pocket. Additionally,
these results were consistent with the experimental results
[19]. In the case of lipid molecules which possess hydrogen
bond donor or acceptor groups, such as sphingomyelin, the
water molecules can align with respect to the NH group of
the backbone structure as well as with respect to the
phosphate and choline groups because of the strong hydrogen bond acceptors of oxygen atoms in water. Comparison of PC and sphingomyelin with the same acyl chain
lengths indicates that the sphingomyelin membranes have
multiple hydration layers owing to the hydrogen bond with
solvent waters, as conﬁrmed by NMR measurements [115].
Regarding the unsaturated sphingomyelin, the possibility of
intermolecular hydrogen bond interactions can be replaced
by the hydrogen bonds formed with water molecules that
increase molecular ﬂexibility according to quantum chemistry approaches [116]. It is suggested that the subtle conﬁguration diﬀerences, such as saturated and unsaturated
conﬁgurations, could aﬀect the hydration behavior.
Generally, the lipid membranes composed of unsaturated acyl chain lipids exhibit a hydrophilic property
owing to their loosely packed lipid orientation. By contrast,
the lipid membrane—composed of saturated lipids—elicits
rather hydrophobic properties owing to the high-packinglipid density at the temperature below the phase transition
temperature. The lipid rafts, mainly composed of sphingomyelin and cholesterol, are hydrophobic because of their
highly packed membrane states [117]. The conﬁguration of
the “umbrella model,” whereby the head group of sphingomyelin covers cholesterol and the shielded inner membrane region, may contribute to the dehydrated inner
membrane environment [118]. It is considered that this
umbrella structure moves the hydration water layers around
the head group out. Finally, the expelled water molecules can
be accumulated like a shell, which might be observed as
high-density water molecule layers at the membrane surface.
As shown in the examples above, the hydration state in
the lipid membrane is very complicated, and mechanisms of
stabilization of each hydration can be varied by diﬀerent
molecules. However, it is a very interesting task to ascertain
whether the membrane properties determine the hydration
characteristics, or whether the hydration characteristics
determine the membrane properties, and how this works for
the interaction with biomolecules. In the next section, the
membrane characteristics determined by the hydration
properties are introduced.

5. Membrane Properties
Determined by Hydration
Considering the interfacial interaction, electrostatic interactions operate at longer distances. By contrast, the hydration waters provide a strong repulsion (referred to as
a hydration force, as already mentioned in Section 3),
which applies at very short distances [119]. Based on the
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measurements of surface forces developed between bilayer
membranes, it was conﬁrmed that there was an additional
repulsive force derived from the hydration force for hydration thicknesses of approximately 2 nm or less [120].
Additional energy is required to induce the dehydration of
the head group region. Additional approaches increase the
repulsion force at distances within the range of 0.2-0.3 nm
[121]. This repulsive force prevents the adhesion of each lipid
membrane. Therefore, it is interesting to know how lipid
membranes interact with other biomolecules, such as enzymes, beyond this hydration wall.
In the zwitterionic lipid bilayer, the lipid molecules have
a net charge that is equal to zero. Surface charge properties
are determined by the hydration shell. The carbonyl and
phosphate groups possess lone-pair electrons, and the water
molecules bound to them can be polarized. The charge
properties of the ﬁxed layer (lipid) are shielded by anions
(van der Waals interactions rather than electronegativity)
and cations [122]. The width of this layer is deﬁned by the
slip plane which determines the ζ potential [123]. Given that
PC groups have phosphate groups oriented outward, it can
be assumed that slip planes from phosphate groups can be
considered. However, attention should be paid to interfaces
where unevenness occurs on the surface layers, such as
negatively charged phosphatidylserine (PS) and hydrogen
donor phosphatidylinositol (PI) moieties. Thus, the heterogeneity in the lateral lipid distribution can be an important factor to generate a potential ﬁeld for the interaction.
The degree of water saturation also aﬀects the orientation
of the dipole moment of the lipid head group. In the highly
hydrated interfacial region, the orientation of hydration
water molecules around the carbonyl and phosphate moieties could modulate the orientation of the head group
[114, 124]. For low degrees of hydrations, the direction of the
dipole potential in the head group is reversed, and the
surface charge potential of the membrane thus exhibits
negatively charged properties [125, 126]. The increase in the
mean head area can be induced by hydration swelling. For
example, the mean head group area of a lecithin molecule
and the distance between neighboring lipids molecules on its
membrane surface are 0.7 nm2 and 2.7 nm, whereas 0.45–
0.55 nm2 and 1.3 nm for PE lipids, respectively. Thus, the
repulsive force between the PE head groups is quite small
[122]. Water molecules in the hydration shell of the
membrane strongly bind to polyhydroxyl compounds, such
as trehalose, sucrose, and arbutin, thus aﬀecting the dipole
potential of the lipid [127–132]. The direct correlation between the polarized water among the polar head group and
the dipole potential can be explained by water displacement
by trehalose and phloretin [127]. The hydration may support
the alignment of the dipole moment of the lipid head group
and results in the adjustment of the electrochemical property
of the lipid membrane.
The permeability of water molecules aﬀects the packing
of the membrane plane and domain formation
[125, 133–135]. According to a prior review that summarized
the membrane structure and its repulsion against permeability, the number of water molecules that stabilize the
inner membrane plane is considered to be 10 per PC [136].
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Water molecules directly hydrating the carbonyl and
phosphate groups are impermeable, and the indirectly hydrated water molecules are regarded as permeable. When the
population of water molecules exceeds the referred number,
the lipid-lipid interactions can be aﬀected by the existence of
water. As the packing density in the hydrophilic part of the
membrane decreases, the water penetration increases. It also
relates to the ability of water molecules to be exchanged
because the water molecules could strongly interact with the
polar groups of other molecules that could prevent the water
penetration via hydrogen bonds. For example, in the
presence of the dextran or PEG, water molecules in the
hydration shell of the lipid membrane can be extruded
owing to the strong aﬃnity with the polar molecules
[137, 138]. Dehydration based on the outward penetration
compresses the membrane and reduces its volume [139].
Structural changes would occur in an energetically favorable
manner by adjusting some parameters, such as the membrane packing density, or the orientation of the lipid head
group. These behaviors are elicited in the membranes and in
the interactions between individual molecules. Therefore, a
conﬁguration defect caused by water extrusion can be a
target to replace other molecules, such as the lipid head
group or the penetration of other molecules [107, 140].
The water exchange between the inner part of the lipid
membrane and the bulk region was observed in NMR experiments [141]. The orientation of the hydrophilic group
could inﬂuence the water exchange. The amount of hydration water will either tend to decrease as the orientation
tilts, or the hydration layer around the head groups will
prevent the exchange of water [142–144]. This exchange
could be the important concept to consider the activity of
hydrated water. When the water enters the membrane from
the bulk, the lateral surface tension increases [107]. The
increase in the surface pressure would occur in the penetration of the peptide. Speciﬁcally, for the analysis of the
interaction with peptides in the monolayer system, the “cut
oﬀ” surface pressure is used in which the surface pressure
becomes insensitive to the peptide penetration [122, 145].
The “cut oﬀ” surface pressures for PCs and for PEs are
approximately 40 mN/m and 30.6 mN/m, respectively.
Considering the surface pressure of the saturated PC
monolayer, which is approximately in the range of 46.6–
48.0 mN/m, the surface pressure of the PC monolayer at
which is insensitive to the peptide penetration is relatively
lower. From these results, it is suggested that the protein
does not penetrate at pressures that are much lower than the
pressures at which the head group is ﬁlled. This indicates that
an extra free energy is required to adsorb the protein, thus
suggesting that the thermodynamically active water exceeds
that within the hydrated shell. The signiﬁcantly lower “cut
oﬀ” surface pressure of the PE monolayer indicates the
existence of a smaller amount of thermodynamically active
water. In other experiments, lipid membranes composed of
PEs interact with protease at remarkably lower rates compared to PC [146]. The diﬀerence between the restricted
hydrated water molecules around carbonyl or phosphate
groups, and water molecules freely dispersing among the
head group region, could determine the surface active
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Figure 6: Hydration properties at the lipid membrane surface.

energy to interact with other molecules by replacing the
hydrogen bonds [146]. The high free energy among lipids
implies that these free water molecules could also affect the
surface pressure [107]. According to the studies introduced
in this review, the correlation of the hydration properties
and lipid molecules are summarized in Figure 6.

6. Conclusions
Water is one the most basic and fundamental molecule in
nature. It exists in various materials and modulates their
unique and interesting properties, yet its actual function and
role are still ambiguous. In this review, we introduced the
characteristics of molecules hydrated with water by considering the hydration behavior at the lipid membrane interface as an example of a self-assembly system. As
mentioned in the Introduction section, it becomes important to understand the science of water to clarify the
hydrogen-bonding properties of water (what is and how it is

hydrogen bonded) and the classification (how much water of
each type is present) around the biomaterial. Specifically, in
food chemistry, the structural stability of the cell membrane
and the homeostasis of the cell function or protein activity
are significant issues in the preservation of the freshness of
the material. Given that the number of consumers interested
in fine food has been growing in search of healthy, tasty, and
antiaging products, the design of food materials with improved performances is required. To deal with these demands, many chemical approaches have been attempted.
Some require increased nutrient permeability, while others
need to maintain enzyme activity. Therefore, the fundamental behavior of the cell and its activity should be understood properly in order to functionalize and sustain its
physiological values.
As shown in the case of lipid membranes, the hydration
property of water determines the orientation of the head
group of the lipid membrane, the lipid area, the exchangeability with bulk water, and the repulsion forces.
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Additionally, water molecules themselves adjust their
population depending on the clustering properties in the
most energetically favorable ways. The characteristics determined by hydration could lead to the surface charge
characteristics of the entire system, interaction with other
molecules, and the fusion of lipid membranes. This functional adjustment induced by water is not limited to lipid
membranes, but contributes to a basic structure for other
molecules, such as proteins, nucleic acids, and others.
Various promising prospects can be expected for the health
or medicinal eﬃcacy from the synthetic chemistry viewpoint. However, the safety is always challenging. Water is an
abundant molecule, and controlling its functional activities
aspires to use methods with the lowest energy cost and
highest safety responses. Based on the use of simulation
calculations and advanced experimental techniques, steady
understanding of the function of the water molecule has
been accomplished. Future tasks will include the classiﬁcation based on hydration characteristics that will be further
required to comprehend the various systems, to understand
the trends, and to grasp the original characteristics of water
that could ultimately lead to the engineering of water
functions.
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aqueous interfaces,” Società Italiana di Fisica, vol. 15, 2015.
[29] Y. E. Shen, Fundamentals of Sum Frequency Spectroscopy,
Cambridge University Press, Cambridge, UK, 2016.
[30] G. E. Walrafen, “The physics and physical chemistry of
water,” in Raman and Infrared Spectral Investigations of
Water Structure, F. Franks, Ed., Springer, Boston, MA, USA,
1972.
[31] N. A. Chumaevskii and M. N. Rodnikova, “Some peculiarities of liquid water structure,” Journal of Molecular
Liquids, vol. 106, no. 2-3, pp. 167–177, 2003.
[32] G. E. Walrafen, “Raman spectral studies of HDO in H2O,”
Journal of Chemical Physics, vol. 48, no. 1, pp. 244–251, 1968.
[33] G. E. Walrafen, “Raman spectral studies of the eﬀects of
perchlorate ion on water structure,” Journal of Chemical
Physics, vol. 52, no. 8, pp. 4176–4198, 1970.
[34] G. E. Walrafen, “Raman spectrum of water: transverse and
longitudinal acoustic modes below .apprxeq.300 Cm-1 and
optic modes above .apprxeq.300 Cm-1,” Journal of Physical
Chemistry, vol. 94, no. 6, pp. 2237–2239, 1990.
[35] E. A. Disalvo and M. A. Frias, “Water state and carbonyl
distribution populations in conﬁned regions of lipid bilayers
observed by FTIR spectroscopy,” Langmuir, vol. 29, no. 23,
pp. 6969–6974, 2013.
[36] Q. Li, T. Li, J. Wu, and N. Zhou, “Comparative study on the
structure of water in reverse micelles stabilized with sodium
bis(2-ethylhexyl) sulfosuccinate or sodium bis(2-ethylhexyl)
phosphate in n-heptane,” Journal of Colloid and Interface
Science, vol. 229, no. 1, pp. 298–302, 2000.
[37] C. Choe, J. Lademann, and M. E. Darvin, “Depth proﬁles
of hydrogen bound water molecule types and their relation to lipid and protein interaction in the human
stratum corneum in vivo,” Analyst, vol. 141, no. 22,
pp. 6329–6337, 2016.
[38] A. Abragam, The Principles of Nuclear Magnetism, Oxford
University Press, Oxford, UK, 1961.
[39] S. Kaieda and B. Halle, “Internal water and microsecond
dynamics in Myoglobin,” Journal of Physical Chemistry B,
vol. 117, no. 47, pp. 14676–14687, 2013.
[40] R. B. Fenwick, D. Oyen, H. J. Dyson, and P. E. Wright, “Slow
dynamics of tryptophan-water networks in proteins,”
Journal of the American Chemical Society, vol. 140, no. 2,
pp. 675–682, 2018.
[41] A. R. Bizzarri and S. Cannistraro, “Molecular dynamics of
water at the Protein−Solvent interface,” Journal of Physical
Chemistry B, vol. 106, no. 26, pp. 6617–6633, 2002.
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[99] D. W. R. Gruen and S. Marčelja, “Spatially varying polarization in water. A model for the electric double layer and the
hydration force,” Journal of the Chemical Society, Faraday
Transactions 2, vol. 79, no. 2, pp. 225–242, 1983.
[100] J. Kurniawan, N.-N. Yin, G.-y. Liu, and T. L. Kuhl, “Interaction forces between ternary lipid bilayers containing
cholesterol,” Langmuir, vol. 30, no. 17, pp. 4997–5004, 2014.
[101] J. Kurniawan and T. L. Kuhl, “Characterization of SolidSupported dipalmitoylphosphatidylcholine membranes
containing cholesterol,” Langmuir, vol. 31, no. 8, pp. 2527–
2532, 2015.
[102] B. R. Shrestha and X. Banquya, “Hydration forces at solid
and ﬂuid biointerfaces,” Biointerphases, vol. 11, no. 1, article
018907, 2016.
[103] M. I. McCarthy, G. K. Schenter, C. A. Scamehorn, and
J. B. Nicholas, “Structure and dynamics of the water/MgO
interface,” Journal of Physical Chemistry, vol. 100, no. 42,
pp. 16989–16995, 1996.
[104] L. Zhang, H. T. Davis, D. M. Kroll, and H. S. White,
“Molecular dynamics simulations of water in a spherical
cavity,” Journal of Physical Chemistry, vol. 99, no. 9,
pp. 2878–2884, 1995.
[105] M. Luckey, Membrane Structural Biology with Biochemical
and Biophysical Foundations, CambridgeUniversity Press,
Cambridge, UK, 2012.
[106] J. A. Mondal, S. Nihonyanagi, S. Yamaguchi, and T. Tahara,
“Three distinct water structures at a zwitterionic lipid/water
interface revealed by heterodyne-detected vibrational sum
frequency generation,” Journal of the American Chemical
Society, vol. 134, no. 18, pp. 7842–7850, 2012.
[107] S. Damodaran, “Water activity at interfaces and its role in
regulation of interfacial enzymes:,” Colloids and Surfaces B:
Biointerfaces, vol. 11, no. 5, pp. 231–237, 1998.
[108] C. F. Lopez, S. O. Nielsen, M. L. Klein, and P. B. Moore,
“Hydrogen bonding structure and dynamics of water at the
dimyristoylphosphatidylcholine lipid bilayer surface from a
molecular dynamics simulation†,” Journal of Physical
Chemistry B, vol. 108, no. 21, pp. 6603–6610, 2004.

Journal of Chemistry
[109] F. Szoka and D. Papahadjopoulos, “Comparative properties
and methods of preparation of lipid vesicles (Liposomes),”
Annual Review of Biophysics and Bioengineering, vol. 9, no. 1,
pp. 467–508, 1980.
[110] G. Cevc and D. Gebauer, “Hydration-driven transport of
deformable lipid vesicles through ﬁne pores and the skin
barrier,” Biophysical Journal, vol. 84, no. 2, pp. 1010–1024,
2003.
[111] C. Branca, S. Magazù, G. Maisano, F. Migliardo,
P. Migliardo, and G. Romeo, “Hydration study of PEG/water
mixtures by quasi elastic light scattering, acoustic and rheological measurements,” Journal of Physical Chemistry B,
vol. 106, no. 39, pp. 10272–10276, 2002.
[112] F. Lairion and E. A. Disalvo, “Eﬀect of dipole potential
variations on the surface charge potential of lipid membranes,” Journal of Physical Chemistry B, vol. 113, no. 6,
pp. 1607–1614, 2009.
[113] E. A. Disalvo, A. M. Bouchet, and M. A. Frias, “Connected
and isolated CH2 populations in acyl chains and its relation to pockets of conﬁned water in lipid membranes as
observed by FTIR spectrometry,” Biochimica et Biophysica
Acta (BBA)-Biomembranes, vol. 1828, no. 8, pp. 1683–
1689, 2013.
[114] E. A. Disalvo, O. A. Pinto, M. F. Martini, A. M. Bouchet,
A. Hollmann, and M. A. Frı́as, “Functional role of water in
membranes updated: a tribute to träuble,” Biochimica et
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