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Abstract: We have studied the molecular properties of water in physically and chemically cross-linked
gelatin hydrogels by FTIR-spectroscopy, NMR relaxation, and diffusivity and broadband dielectric
spectroscopy, which are sensitive to dynamical properties of water, being a structural marker of
polymer network. All experiments demonstrated definite reinforcement of the hydrogel net structure
and an increase in the amount of hydrate water. FTIR experiments have shown that the chemical
cross-linking of gelatin molecules initiates an increase in the collagen-like triple helices “strength”, as
a result of infused restriction on protein molecular mobility. The “strengthening” of protein chains
hinders the mobility of protein fragments, introducing complex modifications into the structural
properties of water which are remained practically unchanged up to up to 30–40 ◦C.

Keywords: gelatin hydrogels; physical and chemical crosslinking; state of water; gel structure

1. Introduction

Gelatin is the outstanding alimentary protein obtained by the hydrolytic splitting of fib-
rillar collagen proteins, which is the constituent of bones, cartilages, connective tissue, and
skin of mammals and fishes [1–3]. Gelatin occupies an important place among the natural
hydrocolloids in modern nutritional, pharmaceutical, and some other technologies [4–7].

Undoubtedly, the basic technological property of gelatin is its gelling, i.e., the ability
to form thermo-reversible hydrogels [8]. This is the consequence of gelatin’s primary
and secondary structures that are built from collagen-like polypeptide α-chains and triple
helices [9]. Approximately one-third of the amino acids in gelatin α-chains contain glycine
(Gly) as a part of the repeating tripeptide Gly–X–Y, where X, most often, is proline (Pro)
and Y is hydroxyproline (Hyp). The Gly–X–Y triads in the gelatin polypeptide chains are
the main structural players in the formation of collagen-like triple helices [10]. Gelatin,
when jelling at temperatures below 30 ◦C, follows a number of stages [1,11]. The first
stage is the transition of the macromolecular conformation from a coil to a collagen-like
helix. During the second phase, helices aggregate with disordered chains, forming a spatial
protein network that is called hydrogel due to the absorption of a significant amount of
water in its volume.

Polymer/biopolymer hydrogels can be of two main types, “physical” hydrogels with
non-covalent cross-linking and “chemical” ones with intra- and inter-polymer covalent
bonding. Traditionally more prevalent are physically cross-linked hydrogels, in which the
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spatial polymer network exists due to the mechanical entanglement of macromolecules
and their intra- and inter-molecular interactions, such as ionic bridges, hydrogen bonding,
and hydrophobic forces [12–14]. Gelatin “physical” hydrogels, exhibiting dual liquid and
solid properties, play a crucial role in the food and pharmaceutical industries due to their
biocompatibility and unique technological potential [15,16].

Recently, there has been a steep rise in novel interest in gelatin hydrogels in the
form of so-called “jelly ice cubes” [17]. Usually, to create a cooling effect and maintain
low temperatures for food storage, ice is widely used. However, under repeated freeze–
thaw cycles, the melt water becomes a convenient medium for the spreading of bacteria.
Therefore, the demand for safe and reusable cooling systems as ice substitutes is very high.
The alternative cooling systems must have a high heat absorption capacity in comparison
with traditional ice, and have sufficiently high mechanical strength to ensure repeated
use [18]. In this regard, hydrogels containing up to 90% water are very promising systems,
in particular naturally available and biocompatible gelatin-based ones.

The usual gelatin hydrogels are stabilized mainly by intermolecular and intramolec-
ular hydrogen bonds formed during the process of sol−gel transition. However, during
deep-freeze, these H-bonds can be easily disrupted by phase separation during the forma-
tion of large-sized ice grains. Not long ago, gelatin was proposed for the engineering of
novel cooling systems, partially because it carries a high antimicrobial activity [17]. This
novel technology involves a rapid-freezing, slow-thawing treatment and a subsequent
photo-cross-linking reaction induced by a newly discovered photosensitizer—menadione
sodium bisulfite (MSB) [17–19]. The developed freezing–thawing treatment results in the
formation of a more uniform gelatin net before the gelatin undergoes chemical bonding.
The use of physical cross-linking in combination with MSB chemical bonding imparts
stable mechanical properties to hydrogels, which ensures their structural stability dur-
ing temperature fluctuations and phase transitions of water. In addition, MSB brings
antimicrobial defense to gelatin hydrogel [18]. Unfortunately, at this moment there is
not enough information about the molecular origin of gelatin hydrogel obtained with the
proposed procedure.

One can suppose the corresponding alteration of gelatin and water properties under
the changes properties under formation of gelatin hydrogel structure. It is obvious that
the physico-chemical characteristics of water can provide unique information about the
structural state of gelatin-based hydrogels made for use as a new type of food cooling
medium. Thus, the main goal of this study was to study the main structural features of
a new type of food coolant, “jelly ice cubes” [17–19], i.e., chemically cross-linked gelatin-
based hydrogels, in comparison with initial “physical” gelatin hydrogels. We have studied
the molecular properties of water in “physically” and “chemically” cross-linked gelatin
hydrogels by FTIR-spectroscopy, NMR relaxation and diffusivity, and broadband dielectric
spectroscopy, which are sensitive to dynamical properties of water being a signature of
polymer net structure.

2. Results and Discussion
2.1. Current Conceptions on Geletin Gels Structure

The routine model of the physical network in gelatin gel is a combination of disordered
polypeptide fragments with ingrained triple intermolecular collagen-like helices, which
play the role of junction zones in the gel network (Figure 1a). Different types of non-covalent
bonding are involved in the formation and stabilization of the 3D physical network of
gelatin gel: inter- and intra-molecular hydrogen bonds, and electrostatic and hydrophobic
interactions between branched-chain amino acids [11,20]. Triple helices are distributed
among disordered fragments of the polypeptide chain to achieve the lowest possible free
energy [21]. The physical interactions between macromolecules remain relatively stable
and strong in the temperature range between the melting point of ice and the gel melting
point. Gelatin hydrogels contain large amounts of water that is strongly confined in the
protein twisted network.
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Figure 1. Schemes of gelatin network in “physical” (a) and ”chemical” (b) gels. Red circles show
covalent bonding of gelatin chains, blue ones display hydrogen bonding.

Under decreases in temperature up to the water freezing point, the resulting large ice
crystals cause serious damage to junction zones of the physical network. When hydrogel
is defrosted, the swelling results in the appearance of disordered domains inside and
between macromolecules. Recently, a novel procedure was proposed [18,19] which alters
these undesirable phenomena and increases the mechanical strength and cold-capacity
of gelatin hydrogel by reinforcing of its network structure. The sequential treatment of
hydrogel with a rapid freezing–slow thawing process, accompanied by photo-induced cross-
linking (chemical covalent cross-linking) demonstrates a synergistic effect on structural
strengthening [19].

The formation of a chemically cross-linked gelatin gel network can be represented
as follows. The rapid freezing of water in hydrogel (in the form of small ice grains)
leads to an increase in the local concentration of “dissolved” gelatin and the formation of
more ordered, densely packed local protein structures, which are physically cross-linked
microcrystalline domains [18]. Thus, the number of cross-linked junctions between the
gelatin molecules in such zones is increased compared to that in conventional hydrogel.
Microcrystalline domains are in contact with amorphous regions of the gelatin chains, in
which macromolecules are also less flexible due to their dense packing. It is important
that, after the stage of slow thawing and the transition of water into the liquid state, the
dense packing of gelatin chains in crystalline domains and the overall degree of the chains’
freedom remain.

To stabilize the locally formed, close-packed 3D structure with restricted molecular
motion, to increase its mechanical strength, and to inhibit the decrease in physical cross-
linking caused by the swelling of gelatin chains during thawing, the chemical cross-linking
is carried out using a photo-induced chemical reaction with menadione sodium bisulfite
(MSB). The photo-cross-linking reaction results in the formation of covalent bonds between
gelatin molecules at the intersections of pseudo-crystalline and amorphous regions within
the gelatin matrix [19], maintaining and fixing the pre-formed modified gelatin network
(Figure 1b). The chemical interaction between gelatin macromolecules occurs via a radical
mechanism. When irradiated with an appropriate UV light source, the photosensitizer MSB
is excited to the triplet state [22], abstracting hydrogen atoms (mainly hydrogens attached
to α-carbons of gelatin amino acids and specific side groups in polypeptide chains) from
gelatin molecules, generating MSB and protein radicals for which chemical binding leads to
the covalent linking of gelatins [19]. As a result, one can obtain reinforced gelatin hydrogel
which opposed to the action of increased temperatures. (Figure 2).
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Figure 2. Thermal stability of gelatin hydrogels: original (1), original in the presence of 1% NaCl (2),
and chemically cross-linked (3).

As a consequence of rapid freezing–slow thawing, accompanied by photo-induced
covalent cross-linking, the newly organized structure of gelatin hydrogel is formed with
local close pseudo-crystalline domains that are uniformly distributed along the hydrogel
volume. Upon the chemical cross-linking, a local increase in the density of gelatin mesh
elements (binding nodes) occurs, with an increase in the spacing between these dense
elements. One can see our SEM data in the following figure (Figure 3), where the increase
in “pore volume” between elements for the “chemical” hydrogel is detected in comparison
with the “physical” hydrogel. We supposed that such morphological alterations are the
result of changes in the gelatin and water supramolecular structure and applied a number
of physical-chemical methods to analyze some details of this phenomenon.
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2.2. Protein and Water Molecular Properties in “Physical” and “Chemical” Hydrogels

To start our data analysis, let us look at the FTIR data. FTIR spectroscopy is rather
successfully employed to analyze the state of water in protein systems [23,24] and to
study the structural features of different proteins [25,26], including gelatin [27]. The
spectral pattern within the Amide I band describes the conformational structure of gelatin
polypeptide chains [28]. It is known that Amide I is coupled with the C=O stretching
vibration, connected to the protein CN-stretch, and Amide II is sensitive to the hydrogen
bonding of N-H groups in the range of 1700–1500 cm−1 [29].

In Figure 4a,b, one can see that the character of the temperature spectral changes is
qualitatively identical for the original and cross-linked hydrogels. This means that, in
general, the structural states of the systems are close and can respond similarly to increases
in temperature.
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(a) and chemically cross-linked (b) gelatin hydrogels, frequency position of Amide II maximum in
spectra (c) of original (blue) and cross-linked (red) hydrogels and collagen from rat tail (black).

However, one can detect some structural alterations, which determine the temperature
stability of the studied systems. The temperature destruction of collagen-like triple helices is
accompanied by the cleavage of hydrogen bonding N-H(Gly)...O=C(Pro), which is reflected
in the shift of the Amide II band maximum (N-H bending vibrations) shown in Figure 4c.
One can see also the results for the structural degradation of collagen from rat tail (Corning
collagen Type 1 from rat tail, CLS354236, 3.62 mg/mL in 0.02 M acetic acid), determined by
us early. The denaturation temperature is determined by the inflection of the dependence
under saturation. It is obvious that the limit positions of the Amide II peak for the studied
gelatins at 50 ◦C are far from the level of collagen denaturation, thus meaning that the
denaturation of gelatins at this temperature is incomplete. However, one can note the
higher thermal stability of the chemically cross-linked gelatin compared to the original
one (moderate shift in adsorption to higher temperatures), despite the fact that the level of
helicity at 4 ◦C of the first one is lower (frequency is lesser). In other words, the presence of
intra- and inter-molecular chemical shifting results in a moderate increase in the collagen-
like triple helices’ “strength”. Possibly, the existence of cross-linking chemical bonds nearby
triple helices hinders, to some extent, their “untwisting”.

Another comparative characteristic of studied hydrogels is the state of confined water
in hydrogels. To study the properties of the hydrogel water in the absorption band of
stretching OH vibrations, we analyzed the differential FTIR spectra (3800–3000 cm−1),
subtracting the spectrum of pure water from the spectrum of the original gelatin gel and
the spectrum of a 1% MSB water solution from the spectrum of the cross-linked gelatin
hydrogel at current temperatures. This approach permitted us to view the alteration of
water properties in the gelatin hydrogel in comparison with bulk water. Under an increasing
temperature, in the region of 3400–3200 cm−1, the negative difference between the water
absorption in the bulk water and in the hydrogels increased (Figure 5a). This band is
responsible for the OH stretching vibrations of water with three and four hydrogen bonds,
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characteristic of the unperturbed structure of bulk liquid water. Thus, from these data,
one can see the alterations in the structure of water confined in hydrogels in comparison
with the bulk water. From Figure 5a, it follows that, for the original hydrogel at 4 ◦C, the
difference in water structure is minimal, increasing with temperature growth. Therefore,
the heating destroys the structure of water in the presence of a gel. Unlike the original gel,
in the chemically cross-linked one, a significant difference in water state is observed already
at 4 ◦C, but upon subsequent heating the changes are less pronounced. In other words,
chemical cross-linking results in initial modifications of water structural properties, and
the structure of cross-linked hydrogel retains these changes up to 30–40 ◦C. The stretching
vibrations of water OH groups are intra-molecular and characterize the state of individual
water molecules. The absorption spectra are the statistical sum of the deposits from the
bulk and hydrated water. Difference spectra characterize the interactions between protein
hydration centers and individual water molecules. The intensity of the difference spectrum
is proportional to the number of these populations. The reason why the original and
cross-linked gels have different effects on the water structure may be due to the different
mobility of the gelatin peptide chains. The heating of the original gel causes the unfolding
of helices and the expansion of individual chains throughout the entire available volume,
causing the maximum accessibility of protein polar groups for the water. In the cross-linked
gel, the swelling is significantly limited and the accessibility of protein polar groups for
water changes only slightly.
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water (green).

Unlike stretching vibrations, the librational motions (rotational swings around equilib-
rium position [30]) characterize collective mobility of water molecules in the bulk [31]. The
bater band available for study at 2130 cm−1 is the combination of the deformations and
librational vibrations. The OH stretching vibrations are intramolecular in nature, and the
temperature has a small effect on the energy of these vibrations, while the nature of the
librational movement significantly depends on the exchange of energy between molecules,
and the contribution of these vibrations to the temperature dependence of the band is
decisive [32–34]. The long-wavelength shift of the position of the maximum of this band
(Figure 5b) reflects a decrease in the elasticity of the hydrogen bond network due to its
thermal expansion. From this point of view, gelatin gel weakens collective interactions
between water molecules, loosening the network of hydrogen bonds. This effect in gelatin
gels at 4 ◦C is relatively small and, within the error limits, does not depend on the presence
of cross-linking. However, with temperature increases, the difference in the dynamics of
water molecules in chemically cross-linked gel differs quite sharply from those of pure
liquid and original gel. It can be assumed that, in the original gel, the macromolecular
chains are sufficiently mobile, without significant obstacles to the collective movement of
water molecules and to their mutual adjustment during heating. In contrast, the presence
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of cross-links limits the mobility of protein fragments, which can introduce disturbances
into the dynamics of water, which is especially evident during heating.

Thus, our FTIR experiments have shown that the chemical cross-linking of gelatin gel
leads to an increase in the collagen-like triple helices’ “strength” as a result of the infused
restriction of protein molecular mobility. The “strengthening” of protein chains hinders the
mobility of protein fragments, thus introducing complex modifications of water structural
properties and retaining them from the disturbing action of temperature up to 30–40 ◦C.

For the further analysis of the molecular properties of “physical” and “chemical”
hydrogels, we applied relaxation and self-diffusion NMR experiments. In the present study,
we used the spin–lattice (T1) and spin–spin (T2) relaxation and translation self-diffusion
coefficients (D) of water, the dynamical properties of which are the structural and interaction
signatures of complex molecular systems [35–37]. The water–protein interactions display
the details of protein structural states [38–42], e.g., the after-effects of protein gelation [43].
The water molecular mobility in biopolymer networks is determined by the presence of a
considerable number of macromolecular interfaces, providing a hydrophobic effect and
hydrogen bonding for water, which constrains the water molecular motion [44–46].

Figure 6 shows the temperature dependences of T1, T2, and D for both studied systems.
The original and chemically cross-linked hydrogels are characterized by single T1 and
T2 relaxation times for their water protons. In spite of the existence of free and bound
water fractions, typical for different protein–water systems [43,47,48], in such systems,
usually only one spin–lattice and one spin–spin relaxation time are observed due to a rapid
exchange between water fractions in protein-based systems [49,50]. For water protons with
sufficient mobility, one can consider the following correlation [37,43]:

T1, T2~1/τc, (1)

where τc is the correlation times for the random motion of water. T1 and T2 reflect the
mobility of water molecules in such a way that the restriction of the water mobility decreases
the value of the relaxation time [51]. In other words, the decrease in Ti signifies the slowing
down of the water mobility. Besides contributions from free and bound water, there is
also another one from magnetization transfer between the water and accessible protein
protons through chemical exchange and/or cross-relaxation [50]. In addition, in chemically
cross-linked hydrogel, we are faced with one more factor, which influences water mobility
and relaxation rates. This factor appears to be due to the presence of a sufficient amount of
sodium ions in the cross-linked system, since we have used a menadione sodium bisulfite
(MSB) as the coupling agent. It is the sodium salt and the source of a sufficient amount (1%)
of free Na+ ions in the hydrogel bulk, which is known as an active kosmotrope towards
water [52]. Na+ ions form a tight hydration shell of from three to five water molecules,
held electrostatically around the alkali metal ion [53,54]. Thus, a sufficient amount of
water molecules is bound to sodium ions, decreasing their average mobility and the total
relaxation rate.

All the abovementioned water fractions and relaxation mechanisms give certain
contributions to the relaxation rate (time) through the existence of multiple correlation
times for each of the exchanging water species. While the analysis of the T1 relaxation gives
information about more fast movements, T2 provides insight into the long correlation time
(slow movements). According to the previously obtained information on water properties
in “physical” biopolymer hydrogels [37], T1 displays the water relaxation rate, which, in
the framework of two-site models [55,56], can be expressed as the weighted average sum
of contributions from the mobility of free and bound water:

1/T1 = p/T1W-B + (1 − p)/T1W-FREE, (2)

where p is the relative portion of water in the bound state, and T1W-B and T1W-FREE are the
spin–lattice relaxation times of bound and free water. The two-site model is specifically
used in NMR experiments, having a rather long observation time in comparison with
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the life time of the detected molecules in different microenvironments, in comparison
with exchange rate between them [55,56]. The decrease in T1 (increase in τc according to
correlation 1), depicted in Figure 6a, is evidence of the deceleration of the apparent water
mobility in the chemically cross-linked gel, being the consequence of an increase in the
bound water content (Equation (2)). We have analyzed the obtained dependencies using
Equation (2), assuming as a first approximation that T1W-B = 0.1 T1W-FREE [57] and using
the T1W-FREE values for pure water [58]. It turned out that the amount of bound water in
a chemically cross-linked gel can increase by almost 15 times compared to the original
sample, from 0.33% to 4.8% of the total amount of water.
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The T2 NMR relaxation behavior, which is also sensitive to slow movement, also
depicts the effects of magnetization transfer between water and gelatin protons, which may
occur through chemical exchange and/or cross-relaxation [37]. Therefore, the weighted
average sum of the main contributions from the exchangeable water fractions to the spin–
spin relaxation time, T2, can be presented as

1/T2 = p1/T2W-B + p2/T2W-FREE + p3/T2-CROSS, (3)

where T2W-B and T2W-FREE are the spin–spin relaxation times of the bound and free wa-
ter, T2-CROSS is the cross-relaxation term, and pi is the relative portion of every relaxing
population (p1 + p2 + p3 = 1). The general finding from the T2 results is also an overall
decrease in water mobility in the chemically cross-linked gelatin hydrogel in comparison
with the original one (Figure 5b), which is visibly greater than the effect of sodium hydra-
tion, shown by a green asterisk. The water exists in a bulk and in a motion-confined state
due to interaction with protein, with very fast exchange between them. In addition, the
water, bound to protein, undergoes proton chemical exchange with the protein. Therefore,
the T2 is a weighted average of these fractions, resulting in the experimental T2. During
heating, the protein alters the number of polar groups exposed to water [59,60], which was
also shown by the FTIR results, and modulates the chemical exchange rate with adjacent
water molecules, determining the temperature dependence [43]. It should be noted that our
experiments demonstrate identical temperature profiles for the original and cross-linked
gelatin gels.

Figure 6c presents one more NMR result for the water mobility in the original “phys-
ical” gelatin hydrogel and its alternative, “chemical” or covalently cross-linked one. In
contrast to the T1 and T2 relaxation, having a rather complicated interrelation with water
molecular motion, complicated in addition by magnetization phenomena between the
water and gelatin protons, the self-diffusion coefficient obtained in the NMR experiment
directly characterizes the molecular diffusivity of water. Although, due to the specifics of
the NMR experimental timescales, one also obtains the weighted average sum of the contri-
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butions from water diffusion mobility in the bound (DBOUND) and free (DFREE) populations,
with fast exchange between them [61,62]:

DW = pDBOUND + (1 − p)DFREE, (4)

where p is the related portion of bound water. For simplicity, we combined all bulk water
into one family and the bound water into the second one. In Figure 6c, one can see the
parallel slowing of the apparent water diffusive mobility in the chemically cross-linked
hydrogel relative to the original one. Most likely, this is the consequence of (1) an increase
in the bound water relative portion due to some protein unfolding and increases in the
number of polar groups exposed to water, as follows from the FTIR data; (2) an increase
in obstructions to the water translation motion [63] due to additional strengthening of the
gelatin net; and (3) the hydration of free Na+ counter ions as a result of dissociation of the
coupling agent menadione sodium bisulfite. The activation energy, 16.2 ± 0.5 kJ·Mol−1,
of the water translational diffusion, obtained from self-diffusion data, is very close for
both systems. This value correlates well with the activation energy for the self-diffusion
of pure water, EW = 17.8 kJ·Mol−1 [64], signifying that most of the water in hydrogels has
similar properties to pure bulk water. The closeness in the order of these values verifies our
assumptions about fast exchange between water populations and a low volume of bound
water in comparison with the total water content in hydrogels.

Accordingly, the complex of complementary NMR data support, in general, the results
of our FTIR study. We observed the slowing of water mobility in the chemically cross-linked
system, which, in our opinion, appears due to the meshing of the hydrogel net and light
disturbance of the protein structure.

Another popular physical-chemical approach to study the properties of water in
different water–biopolymer systems is broad-band dielectric spectroscopy [38,40,65]. Here,
the water relaxation properties act strikingly, reflected in the contrast signature of the
structural and dynamic properties of the bounding matrix. We applied this method to
estimate the difference between the original and cross-linked gelatin hydrogels. Figure 7
depicts the water response to the structural differences in the studied systems. Figure 6a
shows the result of the least-squares procedure, applied to the regression of the experimental
data, showing that complex dielectric spectra of gelatin hydrogels can be represented
satisfactorily by the sum of two relaxation processes (Figure 7a):

ε∗ = ε∞ +
∆ε1

1 + (iωτ1)
α1

+
∆ε2

1 + (iωτ2)
α2

, (5)

where ∆εi is the increment of the dielectric constant, τi is the relaxation time, αi is the
distribution of the relaxation times (0 < α < 1), ε∞ is the high-frequency dielectric constant,
and ω is the circular frequency. These processes correspond to the relaxation of water (about
10 GHz) and gelatin (10–100 MHz) [66,67]. Our results show a low-frequency shift of both
processes in the presence of chemical cross-linking, complying with the overall slowing
down of molecular motion. At present, there are no clear insights into the mechanisms
of low-frequency relaxation, which could be the consequence of different polarization
processes of gelatin molecules and network interfaces [66,68]. Therefore, let us discuss in
more detail the water process only.

Figure 7b depicts the decrease in the amount of free bulk water in the hydrogels.
The dielectric strength or amplitude of the relaxation process, 8ε, is the measure of the
dielectric polarizability, proportional to the number of identical dipoles. In our case (GHz
frequency range), they are the free water molecules, and lowering of the amplitude shows
a decrease in free water. One can see that “chemical” hydrogel is characterized by a higher
level of water hydration. The general deceleration of water mobility in the chemically
cross-linked system is demonstrated also by the increase in the relaxation time (Figure 7c).
Further, one can see a definite increase in the activation energy of the water relaxation
process from 16 kJ·Mol−1 for pure water (15.9 kJ·Mol−1 from [69]) to 17.5 kJ·Mol−1 for
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“physical” and 18.1 kJ·Mol−1 for “chemical” gelatin hydrogels, confirming the results from
the NMR experiments.
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3. Materials and Methods
3.1. Chemicals and Sample Preparations

Aqueous solutions of 12.5% porcine gelatin (Type A, 300 bloom food grade, Sigma,
G2500, Sigma-Aldrich, St. Louis, MO, USA) and 5% menadione sodium bisulfite (MSB)
(Sigma, M5750) were prepared separately using deionized Milli-Q water purified with the
“Arium mini” ultrapure water system (Sartorius, Gottingen, Germany). Initially, samples
of porcine gelatin were swelled at room temperature overnight, then they were kept for 1 h
at 50 ◦C under ultrasonic treatment in Bandelin SONOREX TK52 ultrasonic bath (Bandelin,
Berlin, Germany, 100 W, 35 kHz) until fully dissolved. After that, MSB solution was added to
one of the gelatin solutions. The final solution, where the concentrations of MSB and gelatin
were 1% and 10%, respectively, was mixed at 40 ◦C for 1 h and further used to prepare
“chemically” cross-linked gelatin hydrogel, according to known formulations [17,19].

To prepare original hydrogel aqueous, solutions of 10% porcine gelatin were swelled
at room temperature overnight then kept for 1 h at 50 ◦C under ultrasonic treatment until
fully dissolved.

The obtained gelatin hydrogel (original) and gelatin–MSB system (chemically cross-
linked) were settled in silicon molds (mostly in 10 × 10 × 10 mm mold unless specified)
to complete the sol−gel transition under 4 ◦C overnight. Then, it was treated with one
freeze−thaw cycle that consisted 18 h of freezing at −36 ◦C and =6 h of thawing at 4 ◦C.
Once ejected from the mold, the sample was irradiated in a UVA cross-linking chamber
(Rayonet RMR-600, Southern New England) equipped with five UVA lamps (350 nm, 4 W)
on the ice surface to maintain the chamber temperature below 30 ◦C. Samples were stored
at 4 ◦C for preservation.

3.2. Scanning Electron Microscopy

The morphology of freeze-dried samples of gelatin “physical” and “chemical” gels was
analyzed by means of scanning electron microscopy (SEM) with the help of the field emis-
sion scanning electron microscope “Merlin” (“Carl Zeiss”, Oberkochen, Germany). Surface
morphology was studied at accelerating voltage of 5 kV. The experiments were carried
out using gelatin cryogels [70,71] prepared as follows. The prepared gelatin gels were left
overnight at 4–6 ◦C. Then, samples were frozen in liquid nitrogen and vacuum freeze-dried
to obtain xerogels. The fractured xerogel sections were bespread with gold/palladium
(80/20) for SEM observations. The SEM experiments were carried out in the Interdisci-
plinary Center for “Analytical Microscopy” (Kazan Federal University, Kazan).
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3.3. FTIR Spectroscopy

The Fourier transform infrared (ATR-FTIR) experiments were fulfilled to study the
gelatin and water structure in gels. The spectra were registered using a FTIR spectrometer
Invenio S (Bruker, Preston, UK) equipped with the attenuated total reflection (ATR) acces-
sory with a triple-bounced ZnSe crystal. The spectra were collected at a 4 cm−1 resolution,
accumulating 128 scans in the range of 4000–800 cm−1. Besides the “physical” and “chemi-
cal” gelatin hydrogels, we prepared an additional “physical” sample, containing 1% MSB
(without UV exposure to radiation), to take into account spectral deposit of the coupling
agent. Gel samples, stored at 4 ◦C, were placed on the ATR crystal, preliminarily refrig-
erated to 4 ◦C. The measurements were made in series at 4, 10, 20, 30, 40 and 50 ◦C. The
resulting spectra were corrected for solvent water and atmospheric water vapor absorption.
The spectra were processed and the second derivative was calculated using the OPUS 7.0
program (Bruker Optik GmbH 2012).

3.4. NMR. Relaxation and Self-Diffusion Masurements

The water 1H NMR relaxation and self-diffusion experiments were carried out using
Bruker AVANCE III WB 400 NMR spectrometer (Bruker, Preston, UK) with a working
frequency of 400.27 MHz for 1H. Self-diffusion experiments were conducted with the help
of Diff50 Pulsed Field-Gradient (PFG) probe, using the stimulated echo pulse sequences
DiffDste. The length of the 90◦ pulse was 8.12 µs, δ was in the range of 1.5 ms, and the
amplitude of magnetic gradient g was varied from 0.04 up to 20 T·m−1. The recycle delay
was 10 s. All measurements were carried out during cooling in the temperature range from
50 to 5 ◦C. The equipoise time for thermal equilibrium of sample volume was 10 min. The
water T1 and T2 relaxation time measurements were performed with the inversion-recovery
(180◦-τ-90◦-fid) and CPMG (90◦-τ-180◦-τ-echo) pulse sequences, respectively. The value of
τ was 2 ms, with 128 points on relaxation decay. Data were processed with the help of the
Bruker Topspin 3.5 software (Bruker Biospin Corporation, Billerica, MA, USA).

Water self-diffusion coefficient and T2 relaxation in 1% NaCl water solution were
obtained using Bruker AVANCE III 600 MHz spectrometer equipped with triple resonance
TBI probe, and z-gradient. Self-diffusion coefficient was measured using the standard
“stimulated echo” pulse sequence with bipolar gradient pulses stebpgp1s19 (∆ = 50 ms,
δ = 16 ms). The Topspin software was used for data processing and analysis. For chemical
shift calibration, the glass coaxial insert in NMR sample tubes containing solution of TSP
((3-(trimethylsilyl)-2,20,3,30-tetradeuteropropionic acid) sodium salt) in D2O was used.

3.5. Dielectric Spectroscopy

The dielectric experiments, in about 8 frequency decades, were carried out in three
stages (Figure 8). In the first stage, dielectric measurements were fulfilled in the frequency
range of 100 MHz–60 GHz from 50 ◦C to 0 ◦C (cooling). Dielectric spectra were obtained
with the PNA-X Agilent N5247A network analyzer (Agilent Technologies, Santa Clara,
CA, USA) in accordance with protocol of the built-in software package Agilent 85070. The
temperature was maintained using a LOIP LT 900 thermostabilizer with a step of 5 ◦C and
temperature maintenance accuracy ±0.1 ◦C. A coaxial performance probe with a diameter
of 10 mm was used as the measuring cell. The sample exposure time at each temperature
was 10 min.

At the second stage, the measurements were carried out in the frequency range of
1 MHz–1 GHz on the Agilent E4991A Frequency Response Analyzer as a part of the
Novocontrol BDS-80 measuring complex. The sample temperature was maintained using
the Quatro system, in a temperature range from 50 ◦C to 0 ◦C with steps of 5 ◦C and an
accuracy of ±0.5 ◦C.

At the third stage, the measurements were fulfilled in the frequency range of 1 Hz–10 MHz
using the Alpha Frequency Response Analyzer, being a part of the Novocontrol BDS-80 measur-
ing complex. Thermal stabilization was carried out using the Quatro system, in the temperature
range from 50 ◦C to 0 ◦C, in steps of 5 ◦C with an accuracy ±0.5 ◦C.
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The frequency ranges of the three measurements overlap, which made it possible
to combine the measured spectra and obtain a broadband spectrum in the frequency
range of 1 Hz to 60 GHz for each sample and measured temperature (Figure 7). The
dielectric parameters of the spectra were calculated using the Datama software package
(version 2.0) [72].
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4. Conclusions

This comprehensive study of the molecular properties of water and gelatin in physi-
cally and chemically cross-linked gelatin hydrogels was fulfilled using FTIR-spectroscopy,
NMR relaxation and diffusivity, and broadband dielectric spectroscopy, which are sensitive
to the dynamical structure of water, a structural marker of polymer network structure. The
applied experimental approaches demonstrated definite reinforcement of the hydrogel net
structure and an increase in the quantity of hydrate water. FTIR experiments have shown
that the chemical cross-linking of gelatin molecules results in an increase in the collagen-like
triple helices’ “strength” as a result of the infused restriction of protein molecular mobility.
The “strengthening” of protein chains hinders the mobility of protein fragments, thus
introducing complex modifications to the water structural properties and retaining them
from the disturbing action of temperature increases up to 30–40 ◦C.

Author Contributions: Conceptualization, Y.F.Z. and S.R.D.; investigation, Y.F.Z., I.V.L., A.A.N., M.A.K.
(Mariya A. Klimovitskaya), P.V.S., L.R.B. and R.K.K.; writing—original draft preparation, Y.F.Z.; writing—
review and editing, Y.F.Z. and S.R.D.; visualization, M.A.K. (Mariia A. Kazantseva) and O.S.Z.; supervision,
Y.F.Z. All authors have read and agreed to the published version of the manuscript.

Funding: Y.F.Z., S.R.D., A.A.N., M.A.K. (Mariya A. Klimovitskaya), M.A.K. (Mariia A. Kazantseva)
and P.V.S. acknowledge support of the Russian Science Foundation, project No. 23-64-10020) for
finance provision of the study. R.K.K. and I.V.L. thank the government assignment for Federal
Research Center Kazan Scientific Center of Russian Academy of Sciences (dielectric experiments).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data used for the analyses in this report are available from the
corresponding author upon reasonable request.



Int. J. Mol. Sci. 2024, 25, 11738 13 of 15

Acknowledgments: O.S.Z. thanks support of Strategic Academic Leadership Program “PRIORITY-
2030” of KSPEU. I.V.L. thanks support of Strategic Academic Leadership Program “PRIORITY-2030”
of KFU. 1H NMR experiments at 600 MHz (Bruker Avance III 600 spectrometer) and FTIR studies
(Bruker FTIR spectrometer Invenio S) have been carried out using the equipment of Distributed
Spectral-Analytical Center of Shared Facilities for Study of Structure, Composition and Properties of
Substances and Materials of FRC Kazan Scientific Center of RAS. Electron microscopy investigation
was performed using the equipment of the Shared Research Center of Kazan National Research
Technical University “Applied Nanotechnology”. Authors thank D. Faizullin for assistance in FTIR
experiments and O. Gnezdilov for 400 MHz NMR measurements.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Haug, I.J.; Draget, K.I. Gelatin. In Handbook of Hydrocolloids, 2nd ed.; Phillips, G.O., Williams, P.A., Eds.; CRC Press: Boca Raton,

FL, USA, 2009; pp. 142–163.
2. Zhang, T.; Sun, R.; Ding, M.; Li, L.; Tao, N.; Wang, X.; Zhong, J. Commercial cold-water fish skin gelatin and bovine bone gelatin:

Structural, functional, and emulsion stability differences. LWT Food Sci. Technol. 2020, 125, 109207. [CrossRef]
3. Mikhailov, O.V. Gelatin as It Is: History and Modernity. Int. J. Mol. Sci. 2023, 24, 3583. [CrossRef]
4. Alipal, J.; Mohd Pu’ad, N.A.S.; Lee, T.C.; Nayan, N.H.M.; Sahari, N.; Basri, H.; Idris, M.I.; Abdullah, H.Z. A review of gelatin:

Properties, sources, process, applications, and commercialisation. Mater. Today Proc. 2021, 42, 240–250. [CrossRef]
5. Lv, L.-C.; Huang, Q.-Y.; Ding, W.; Xiao, X.-H.; Zhang, H.-Y.; Xiong, L.-X. Fish gelatin: The novel potential applications. J. Funct.

Foods 2019, 63, 103581. [CrossRef]
6. Nitsuwat, S.; Zhang, P.; Ng, K.; Fang, Z. Fish gelatin as an alternative to mammalian gelatin for food industry: A meta-analysis.

LWT Food Sci. Technol. 2021, 141, 110899. [CrossRef]
7. Zueva, O.S.; Gubaidullin, A.T.; Makarova, A.O.; Bogdanova, L.R.; Zakharova, L.Y.; Zuev, Y.F. Structural Features of Composite

Protein-Polysaccharide Hydrogel in the Presence of a Carbon Nanomaterial. Russ. Chem. Bull. 2020, 69, 581–589. [CrossRef]
8. Zuev, Y.F.; Derkach, S.R.; Bogdanova, L.R.; Voron’ko, N.G.; Kuchina, Y.A.; Gubaidullin, A.T.; Lunev, I.V.; Gnezdilov, O.I.; Sedov,

I.A.; Larionov, R.A.; et al. Underused Marine Resources: Sudden Properties of Cod Skin Gelatin Gel. Gels 2023, 9, 990. [CrossRef]
9. Schrieber, R.; Gareis, H. Gelatine Handbook; Wiley-VCH GmbH & Co.: Weinheim, Germany, 2007.
10. Brodsky, B.; Persikov, A.V. Molecular structure of the collagen triple helix. Adv. Protein Chem. 2005, 70, 301–339. [CrossRef]

[PubMed]
11. Izmailova, V.N.; Derkach, S.R.; Sakvarelidze, M.A.; Levachev, S.M.; Voron’ko, N.G.; Yampol’skaya, G.P. Gelation in gelatin and

gelatin-containing multicomponent blends. Polym. Sci. Ser. C 2004, 46, 73–97.
12. Radhakrishnan, J.; Subramanian, A.; Krishnan, U.M.; Sethuraman, S. Injectable and 3D Bioprinted Polysaccharide Hydrogels:

From Cartilage to Osteochondral Tissue Engineering. Biomacromolecules 2017, 18, 1–26. [CrossRef]
13. Qi, X.; Su, T.; Zhang, M.; Tong, X.; Pan, W.; Zeng, Q.; Zhou, Z.; Shen, L.; He, X.; Shen, J. Macroporous Hydrogel Scaffolds with

Tunable Physicochemical Properties for Tissue Engineering Constructed Using Renewable Polysaccharides. ACS Appl. Mater.
Interfaces 2020, 12, 13256–13264. [CrossRef] [PubMed]

14. Gubaidullin, A.T.; Makarova, A.O.; Derkach, S.R.; Voron’ko, N.G.; Kadyirov, A.I.; Ziganshina, S.A.; Salnikov, V.V.; Zueva, O.S.;
Zuev, Y.F. Modulation of Molecular Structure and Mechanical Properties of k-Carrageenan-Gelatin Hydrogel with Multi-Walled
Carbon Nanotubes. Polymers 2022, 14, 2346. [CrossRef] [PubMed]

15. Nath, P.C.; Debnath, S.; Sridhar, K.; Inbaraj, B.S.; Nayak, P.K.; Sharma, M. A Comprehensive Review of Food Hydrogels: Principles,
Formation Mechanisms, Microstructure, and Its Applications. Gels 2023, 9, 1. [CrossRef]

16. Cao, Y.; Mezzenga, R. Design principles of food gels. Nat. Food 2020, 1, 106–118. [CrossRef]
17. Zou, J.; Wang, L.; Sun, G. Sustainable and Reusable Gelatin-Based Hydrogel “Jelly Ice Cubes” as Food Coolant. I: Feasibilities and

Challenges. ACS Sustain. Chem. Eng. 2021, 9, 15357–15364. [CrossRef]
18. Zou, J.; Sbodio, A.O.; Blanco-Ulate, B.; Wang, L.; Sun, G. Novel Robust, Reusable, Microbial-Resistant, and Compostable

Protein-Based Cooling Media. Adv. Funct. Mater. 2022, 32, 2201347. [CrossRef]
19. Zou, J.; Wang, L.; Sun, G. Mechanisms and Performances of Physically and Chemically Crosslinked Gelatin-Based Hydrogels as

Advanced Sustainable and Reusable “Jelly Ice Cube” Coolants. ACS Appl. Mater. Interfaces 2023, 15, 34087–34096. [CrossRef]
[PubMed]

20. Veis, A. The Macromolecular Chemistry of Gelatin; Academic Press: New York, NY, USA; London, UK, 1964; 478p.
21. Guo, L.; Colby, R.H.; Lusignan, C.P.; Whitesides, T.H. Kinetics of Triple Helix Formation in Semidilute Gelatin Solutions.

Macromolecules 2003, 36, 9999–10008. [CrossRef]
22. Zhang, Z.; Wisuthiphaet, N.; Nitin, N.; Wang, L.; Kawakita, R.; Jeoh, T.; Sun, G. Photoactive Water-Soluble Vitamin K: A Novel

Amphiphilic Photoinduced Antibacterial Agent. ACS Sustain. Chem. Eng. 2021, 9, 8280–8294. [CrossRef]
23. Czapiewski, D.; Zielkiewicz, J. Structural Properties of Hydration Shell Around Various Conformations of Simple Polypeptides. J.

Phys. Chem. B 2010, 114, 4536–4550. [CrossRef]

https://doi.org/10.1016/j.lwt.2020.109207
https://doi.org/10.3390/ijms24043583
https://doi.org/10.1016/j.matpr.2020.12.922
https://doi.org/10.1016/j.jff.2019.103581
https://doi.org/10.1016/j.lwt.2021.110899
https://doi.org/10.1007/s11172-020-2802-y
https://doi.org/10.3390/gels9120990
https://doi.org/10.1016/S0065-3233(05)70009-7
https://www.ncbi.nlm.nih.gov/pubmed/15837519
https://doi.org/10.1021/acs.biomac.6b01619
https://doi.org/10.1021/acsami.9b20794
https://www.ncbi.nlm.nih.gov/pubmed/32068392
https://doi.org/10.3390/polym14122346
https://www.ncbi.nlm.nih.gov/pubmed/35745922
https://doi.org/10.3390/gels9010001
https://doi.org/10.1038/s43016-019-0009-x
https://doi.org/10.1021/acssuschemeng.1c02853
https://doi.org/10.1002/adfm.202201347
https://doi.org/10.1021/acsami.3c06658
https://www.ncbi.nlm.nih.gov/pubmed/37428710
https://doi.org/10.1021/ma034264s
https://doi.org/10.1021/acssuschemeng.1c02690
https://doi.org/10.1021/jp9086199


Int. J. Mol. Sci. 2024, 25, 11738 14 of 15

24. Light, T.P.; Corbett, K.M.; Metrick, M.A., II; MacDonald, G. Hofmeister Ion-Induced Changes in Water Structure Correlate with
Changes in Solvation of an Aggregated Protein Complex. Langmuir 2016, 32, 1360–1369. [CrossRef] [PubMed]

25. Makshakova, O.N.; Bogdanova, L.R.; Faizullin, D.A.; Ermakova, E.A.; Zuev, Y.F.; Sedov, I.A. Interaction-induced structural
transformation of lysozyme and kappa-carrageenan in binary complexes. Carbohydr. Polym. 2021, 252, 117181. [CrossRef]

26. Derkach, S.R.; Voron’ko, N.G.; Kuchina, Y.A.; Kolotova, D.S.; Grokhovsky, V.A.; Nikiforova, A.A.; Sedov, I.A.; Faizullin, D.A.;
Zuev, Y.F. Rheological Properties of Fish and Mammalian Gelatin Hydrogels as Bases for Potential Practical Formulations. Gels
2024, 10, 486. [CrossRef]

27. Kong, J.; Yu, S. Fourier transform infrared spectroscopic analysis of protein secondary structures. Acta Biochim. Biophys. Sin. 2007,
39, 549–559. [CrossRef]

28. Muyonga, J.N.; Cole, C.G.B.; Dyodu, K.G. Fourier transform infrared (FTIR) spectroscopy study of acid soluble collagen and
gelatin from skin and bones of young and adult Nile perch (Lates niloticus). Food Chem. 2004, 86, 325–332. [CrossRef]

29. Ilinskaya, O.; Ulyanova, V.; Lisevich, I.; Dudkina, E.; Zakharchenko, N.; Kusova, A.; Faizullin, D.; Zuev, Y. The Native Monomer
of Bacillus Pumilus Ribonuclease Does Not Exist Extracellularly. BioMed Res. Int. 2018, 2018, 4837623. [CrossRef]

30. Emde, M.F.; Baltuška, A.; Kummrow, A.; Pshenichnikov, M.S.; Wiersma, D.A. Ultrafast Librational Dynamics of the Hydrated
Electron. Phys. Rev. Lett. 1998, 80, 4645–4648. [CrossRef]

31. Bulychev, V.P.; Buturlimova, M.V.; Tokhadze, K.G. Isotope Effects in the Spectra of Hydrogen-Bonded Complexes. Calculation
of Vibrational Absorption Spectra of (D2CO)2 and D2CO· · ·DF Dimers and D2CO · · · (DF)2 and (D2CO)2· · ·DF Trimers. Opt.
Spectrosc. 2023, 131, 291–300. [CrossRef]

32. Malafaev, N.T. On the nature of bond bending in water. Tech. Phys. Lett. 2003, 29, 19–21. [CrossRef]
33. Malenkov, G.G. Structure and dynamics of liquid water. J. Struct. Chem. 2006, 47, S5–S35. [CrossRef]
34. Verma, P.K.; Kundu, A.; Puretz, M.S.; Dhoonmoon, C.; Chegwidden, O.S.; Londergan, C.H.; Cho, M. The Bend + Libration

Combination Band Is an Intrinsic, Collective, and Strongly Solute-Dependent Reporter on the Hydrogen Bonding Network of
Liquid Water. J. Phys. Chem. B. 2018, 122, 2587–2599. [CrossRef] [PubMed]

35. Kusova, A.M.; Safieva, R.Z.; Gnezdilov, O.I.; Zueva, O.S.; Salnikov, V.V.; Zuev, Y.F. Nanopore confinement and fluid behavior in
nanocellulose–based hydro- and organogels. Carbohydr. Polym. Technol. Appl. 2021, 2, 100111. [CrossRef]

36. Barbieri, R.; Quaglia, M.; Delfini, M.; Brosio, E. Investigation of water dynamic behaviour in poly(HEMA) and poly(HEMA-
co-DHPMA) hydrogels by proton T2 relaxation time and self-diffusion coefficient N.M.R. measurements. Polymer 1998, 39,
1059–1066. [CrossRef]

37. McConville, P.; Whittaker, M.K.; Pope, J.M. Water and Polymer Mobility in Hydrogel Biomaterials Quantified by 1H NMR: A
Simple Model Describing Both T1 and T2 Relaxation. Macromolecules 2002, 35, 6961–6969. [CrossRef]

38. Beilinson, Y.; Rassabina, A.; Lunev, I.; Faizullin, D.; Greenbaum, A.; Salnikov, V.; Zuev, Y.; Minibayeva, F.; Feldman, Y. The
dielectric response of hydrated water as a structural signature of nanoconfined lichen melanins. Phys. Chem. Chem. Phys. 2022, 24,
22624–22633. [CrossRef] [PubMed]

39. Siwach, P.; Levy, E.; Livshits, L.; Feldman, Y.; Kaganovich, D. Water is a biomarker of changes in the cellular environment in live
animals. Sci. Rep. 2020, 10, 9095. [CrossRef]

40. Feldman, Y.; Ben Ishai, P. The Microwave Response of Water as the Measure of Interactions in a Complex Liquid. ACS Symp. Ser.
2021, 1375, 283–300. [CrossRef]

41. Richardson, S.J.; Steinberg, M.P. Applications of nuclear magnetic resonance. In Water Activity: Theory and Applications to Food;
Rockland, L.B., Beuchart, L.R., Eds.; Marcel Dekker: New York, NY, USA, 1987; pp. 235–285.

42. Cornillon, P.; Salim, L.C. Characterization of water mobility and distribution in low-and intermediate-moisture food systems.
Magn. Reson. Imaging 2000, 18, 335–341. [CrossRef]

43. Ahmad, M.U.; Tashiro, Y.; Matsukava, S.; Ogava, H. Gelation Mechanism of Surimi Studied by 1H NMR Relaxation Measurements.
J. Food Sci. 2007, 72, E362–E367. [CrossRef]

44. Chen, X.; Flores, S.C.; Lim, S.Y.; Zhang, Y.; Yang, T.; Kherb, J.; Cremer, P.S. Specific Anion Effects on Water Structure Adjacent to
Protein Monolayers. Langmuir 2010, 26, 16447–16454. [CrossRef]

45. Rakshit, S.; Saha, R.; Chakraborty, A.; Pal, S.K. Effect of Hydrophobic Interaction on Structure, Dynamics, and Reactivity of Water.
Langmuir 2013, 29, 1808–1817. [CrossRef] [PubMed]

46. Setny, P. GridSolvate: A Web Server for the Prediction of Biomolecular Hydration Properties. J. Chem. Inf. Model. 2020, 60,
5907–5911. [CrossRef] [PubMed]

47. Kuntz, I.D.; Brassfield, T.S.; Law, G.D.; Purcell, G.V. Hydration of macromolecules. Science 1969, 163, 1329–1331. [CrossRef]
[PubMed]

48. Denisov, V.P.; Halle, B. Hydrogen Exchange Rates in Proteins from Water 1H Transverse Magnetic Relaxation. J. Am. Chem. Soc.
2002, 124, 10264–10265. [CrossRef]

49. Zimmermann, J.R.; Brittin, W.E. Nuclear Magnetic Resonance Studies in Multiple Phase Systems: Lifetime of a Water Molecule in
an Adsorbing Phase on Silica Gel. J. Phys. Chem. 1957, 61, 1328–1333. [CrossRef]

50. McConville, P.; Pope, J.M. A comparison of water binding and mobility in contact lens hydrogels from NMR measurements of the
water self-diffusion coefficient. Polymer 2000, 41, 9081–9088. [CrossRef]

51. Bloembergen, N.; Purcell, E.M.; Pound, R.V. Relaxation effects in nuclear magnetic resonance absorption. Phys. Rev. 1948, 73,
679–712. [CrossRef]

https://doi.org/10.1021/acs.langmuir.5b04489
https://www.ncbi.nlm.nih.gov/pubmed/26760222
https://doi.org/10.1016/j.carbpol.2020.117181
https://doi.org/10.3390/gels10080486
https://doi.org/10.1111/j.1745-7270.2007.00320.x
https://doi.org/10.1016/j.foodchem.2003.09.038
https://doi.org/10.1155/2018/4837623
https://doi.org/10.1103/PhysRevLett.80.4645
https://doi.org/10.61011/EOS.2023.03.56194.4572-22
https://doi.org/10.1134/1.1544336
https://doi.org/10.1007/s10947-006-0375-8
https://doi.org/10.1021/acs.jpcb.7b09641
https://www.ncbi.nlm.nih.gov/pubmed/29095618
https://doi.org/10.1016/j.carpta.2021.100111
https://doi.org/10.1016/S0032-3861(97)00403-5
https://doi.org/10.1021/ma020539c
https://doi.org/10.1039/D2CP01383E
https://www.ncbi.nlm.nih.gov/pubmed/36102934
https://doi.org/10.1038/s41598-020-66022-9
https://doi.org/10.1021/bk-2021-1375.ch013
https://doi.org/10.1016/S0730-725X(99)00139-3
https://doi.org/10.1111/j.1750-3841.2007.00411.x
https://doi.org/10.1021/la1015862
https://doi.org/10.1021/la3042583
https://www.ncbi.nlm.nih.gov/pubmed/23311644
https://doi.org/10.1021/acs.jcim.0c00779
https://www.ncbi.nlm.nih.gov/pubmed/33119305
https://doi.org/10.1126/science.163.3873.1329
https://www.ncbi.nlm.nih.gov/pubmed/5765111
https://doi.org/10.1021/ja027101c
https://doi.org/10.1021/j150556a015
https://doi.org/10.1016/S0032-3861(00)00295-0
https://doi.org/10.1103/PhysRev.73.679


Int. J. Mol. Sci. 2024, 25, 11738 15 of 15

52. Ben Ishai, P.; Mamontov, E.; Nickels, J.D.; Sokolov, A.P. Influence of Ions on Water Diffusion—A Neutron Scattering Study. J. Phys.
Chem. B 2013, 117, 7724–7728. [CrossRef]

53. Collins, K.D.; Neilson, G.W.; Enderby, J.E. Ions in Water: Characterizing the Forces That Control Chemical Processes and Biological
Structure. Biophys. Chem. 2007, 128, 95–104. [CrossRef]

54. Marcus, Y. Effect of Ions on the Structure of Water: Structure Making and Breaking. Chem. Rev. 2009, 109, 1346–1370. [CrossRef]
55. Söderman, O.; Stilbs, P. NMR studies of complex surfactant systems. Prog. Nucl. Magn. Reson. Spectrosc. 1994, 26, 445–482.

[CrossRef]
56. Zuev, Y.F.; Gnezdilov, O.I.; Zueva, O.S.; Us’yarov, O.G. Effective self-diffusion coefficients of ions in sodium dodecyl sulfate

micellar solutions. Colloid J. 2011, 73, 59–64. [CrossRef]
57. Fung, B.M.; McGaughy, T.W. Study of spin-lattice and spin-spin relaxation times of 1H, 2H, and 17O in muscle water. Biophys. J.

1979, 28, 293–304. [CrossRef] [PubMed]
58. Hindman, J.C.; Svirmickas, A.; Wood, M. Relaxation processes in water. A study of the proton spin-lattice relaxation time. J.

Chem. Phys. 1973, 59, 1517–1522. [CrossRef]
59. Hills, B.P.; Takacs, S.F.; Belton, P.S. A new interpretation of proton NMR relaxation time measurements of water in food. Food

Chem. 1990, 37, 95–111. [CrossRef]
60. Ahmad, M.U.; Tashiro, Y.; Matsukawa, S.; Ogawa, H. Comparison of gelation mechanism of surimi between heat and pressure

treatment by using rheological and NMR relaxation measurements. J. Food Sci. 2004, 69, E497–E501. [CrossRef]
61. Gnezdilov, O.I.; Zuev, Y.F.; Zueva, O.S.; Potarikina, K.S.; Us’yarov, O.G. Self-Diffusion of Ionic Surfactants and Counterions in

Premicellar and Micellar Solutions of Sodium, Lithium and Cesium Dodecyl Sulfates as Studied by NMR-Diffusometry. Appl.
Magn. Reason. 2011, 40, 91–103. [CrossRef]

62. Zuev, Y.F.; Kurbanov, R.K.; Idiyatullin, B.Z.; Us’yarov, O.G. Sodium dodecyl sulfate self-diffusion in premicellar and low-
concentrated micellar solutions in the presence of a background electrolyte. Colloid J. 2007, 69, 444–449. [CrossRef]

63. Fedotov, V.D.; Zuev, Y.F.; Archipov, V.P.; Idiyatullin, Z.S.; Garti, N.A. Fourier transform pulsed-gradient spin echo nuclear
magnetic resonance self-diffusion study of microemulsions and the droplet size determination. Colloids Surf. A 1997, 128, 39–46.
[CrossRef]

64. Tanaka, K. Measurements of Self-diffusion Coefficient of Water in Pure Water and in Aqueous Electrolyte Solutions. J. Chem. Soc.
Faraday Trans. 1 1975, 71, 1127–1131. [CrossRef]

65. Lunev, I.; Greenbaum, A.; Feldman, Y.; Petrov, V.; Kuznetsova, N.; Averianova, N.; Makshakova, O.; Zuev, Y. Dielectric response
of hydrated water as a structural component of nanofibrillated cellulose (NFC) from different plant sources. Carbohydr. Polym.
2019, 225, 115217. [CrossRef]

66. Kumagai, H.; Sugiyama, T.; Iwamoto, S. Effect of Water Content on Dielectric Relaxation of Gelatin in a Glassy State. J. Agric. Food
Chem. 2000, 48, 2260–2265. [CrossRef] [PubMed]

67. Wolf, M.; Gulich, R.; Lunkenheimer, P.; Loidl, A. Relaxation dynamics of a protein solution investigated by dielectric spectroscopy.
Biochim. Biophys. Acta (BBA)-Proteins Proteom. 2012, 1824, 723–730. [CrossRef]

68. Sasaki, K.; Panagopoulou, A.; Kita, R.; Shinyashiki, N.; Yagihara, S.; Kyritsis, A.; Pissis, P. Dynamics of Uncrystallized Water, Ice,
and Hydrated Protein in Partially Crystallized Gelatin−Water Mixtures Studied by Broadband Dielectric Spectroscopy. J. Phys.
Chem. B 2017, 121, 265–272. [CrossRef]

69. Lu, Z.; Manias, E.; Macdonald, D.D.; Lanagan, M. Dielectric Relaxation in Dimethyl Sulfoxide/Water Mixtures Studied by
Microwave Dielectric Relaxation Spectroscopy. J. Phys. Chem. A 2009, 113, 12207–12214. [CrossRef] [PubMed]

70. Ge, S.; Li, M.; Ji, N.; Liu, J.; Mul, H.; Xiong, L.; Sun, Q. Preparation of a Strong Gelatin–Short Linear Glucan Nanocomposite
Hydrogel by an in Situ Self-Assembly Process. J. Agric. Food Chem. 2018, 66, 177–186. [CrossRef] [PubMed]

71. Hilal, A.; Florowska, A.; Wroniak, M. Binary Hydrogels: Induction Methods and Recent Application Progress as Food Matrices
for Bioactive Compounds Delivery—A Bibliometric Review. Gels 2023, 9, 68. [CrossRef]

72. Axelrod, N.; Axelrod, E.; Gutina, A.; Puzenko, A.; Ishai, B.P.; Feldman, Y. Dielectric spectroscopy data treatment: I. Frequency
domain. Meas. Sci. Technol. 2004, 15, 755. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/jp4030415
https://doi.org/10.1016/j.bpc.2007.03.009
https://doi.org/10.1021/cr8003828
https://doi.org/10.1016/0079-6565(94)80013-8
https://doi.org/10.1134/S1061933X11010224
https://doi.org/10.1016/S0006-3495(79)85177-2
https://www.ncbi.nlm.nih.gov/pubmed/233613
https://doi.org/10.1063/1.1680209
https://doi.org/10.1016/0308-8146(90)90084-H
https://doi.org/10.1111/j.1365-2621.2004.tb09935.x
https://doi.org/10.1007/s00723-010-0185-1
https://doi.org/10.1134/S1061933X07040059
https://doi.org/10.1016/S0927-7757(97)03900-9
https://doi.org/10.1039/f19757101127
https://doi.org/10.1016/j.carbpol.2019.115217
https://doi.org/10.1021/jf991081p
https://www.ncbi.nlm.nih.gov/pubmed/10888533
https://doi.org/10.1016/j.bbapap.2012.02.008
https://doi.org/10.1021/acs.jpcb.6b04756
https://doi.org/10.1021/jp9059246
https://www.ncbi.nlm.nih.gov/pubmed/19817400
https://doi.org/10.1021/acs.jafc.7b04684
https://www.ncbi.nlm.nih.gov/pubmed/29251503
https://doi.org/10.3390/gels9010068
https://doi.org/10.1088/0957-0233/15/4/020

	Introduction 
	Results and Discussion 
	Current Conceptions on Geletin Gels Structure 
	Protein and Water Molecular Properties in “Physical” and “Chemical” Hydrogels 

	Materials and Methods 
	Chemicals and Sample Preparations 
	Scanning Electron Microscopy 
	FTIR Spectroscopy 
	NMR. Relaxation and Self-Diffusion Masurements 
	Dielectric Spectroscopy 

	Conclusions 
	References

