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Abstract: A novel versatile biocompatible hydrogel of whey protein isolate (WPI) and two types
of tannic acid (TAs) was prepared by crosslinking of WPI with TAs in a one-step method at high
temperature for 30 min. WPI is one common protein-based preparation which is used for hydrogel
formation. The obtained WPI-TA hydrogels were in disc form and retained their integrity after
sterilization by autoclaving. Two TA preparations of differing molecular weight and chemical
structure were compared, namely a polygalloyl glucose-rich extract-ALSOK 02-and a polygalloyl
quinic acid-rich extract-ALSOK 04. Hydrogel formation was observed for WPI solutions containing
both preparations. The swelling characteristics of hydrogels were investigated at room temperature
at different pH values, namely 5, 7, and 9. The swelling ability of hydrogels was independent of the
chemical structure of the added TAs. A trend of decrease of mass increase (MI) in hydrogels was
observed with an increase in the TA/WPI ratio compared to the control WPI hydrogel without TA.
This dependence (a MI decrease-TA/WPI ratio) was observed for hydrogels with different types of
TA both in neutral and acidic conditions (pH 5.7). Under alkaline conditions (pH 9), negative values
of swelling were observed for all hydrogels with a high content of TAs and were accompanied by
a significant release of TAs from the hydrogel network. Our studies have shown that the release
of TA from hydrogels containing ALSOK04 is higher than from hydrogels containing ALSOK 02.
Moreover, the addition of TAs, which display a strong anti-cancer effect, increases the cytotoxicity of
WPI-TAs hydrogels against the Hep-2 human laryngeal squamous carcinoma (Hep-2 cells) cell line.
Thus, WPI-TA hydrogels with prolonged drug release properties and cytotoxicity effect can be used
as anti-cancer scaffolds.

Keywords: whey protein isolate; hydrogel; tannic acid; anticancer scaffold

1. Introduction

Recently, much attention has been paid to hydrogels in drug delivery. In this regard,
hydrogels must comply with principles such as biocompatibility, biodegradation, and
non-toxicity. One common protein-based preparation used for hydrogel formation in the
food industry is whey protein isolate (WPI), which we have recently begun to investigate
as a hydrogel biomaterial for biomedical applications [1–4]. The major component of WPI
is ß-lactoglobulin (approximate composition 74.1%) and the second major component is
α-lactalbumin (23.0%) [5]. Whey proteins have been identified to have desirable properties
because they consist of branched-chain amino acids which promote highly hydrated
three-dimensional polymer networks in hydrogels [6]. Gelation occurs by increasing the
temperature due to denaturation of native ß-lactoglobulin protein [7]. The process of whey
protein aggregation consists of three stages, including conformational changes of the native
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protein structure, chemical reactions typically through disulfide bridges between intra-
and interchain bonds and physical interactions like hydrophobic interactions, which leads
to aggregation clustering and the formation of a spatial gel network [8]. The increased
comparison of ß-lactoglobulin allows to fabricate more elastic WPI hydrogels with far
superior mechanical properties compered to hydrogels based on whey protein concentrate.
The important functional property of a WPI hydrogels is its high ability to retain water or
body fluids within its structure. The WPI denaturing permits exposure of hydrophobic
regions of the protein molecule, to which the hydrophobic regions of hydrophobic drugs
can bind, resulting in increased drug solubility. Cytocompatible hydrogels have been
successfully used to develop drug delivery systems due to their stimulus-sensitive response
to external triggers, such as pH [9]. Hence, it would be desirable to combine the ability of
WPI hydrogels to solubilize and carry hydrophobic drugs with pH responsiveness.

One class of hydrophobic molecules with biological activity are tannic acids (TAs).
TAs are polyphenols closely related to our daily life: They are found in many fruits and
vegetables consumed by humans and are used in the food industry and herbal medicine.
Hydrolyzable tannins are one of three types of TAs that are formed by a carbohydrate
(glucose, quinic acid, or other), in which OH-groups are partially or completely esterified
with gallic acid or related compounds [10–12]. In this context hydrolyzable means that
ester hydrolysis can occur, as opposed to acid-base hydrolysis (deprotonation). Hydrolyz-
able tannins can be extracted from various vegetable plants and trees. As a rule, TAs are
considered non-toxic in small doses [13,14] and exhibit antitumor effects [15]. The presence
of TA in natural components can reduce tumor necrosis factor levels [16] and weaken
the inflammatory cytokine expression [17]. Previously, it was shown that TA crosslinked
into a compacting collagen gel predominantly inhibited proliferation of high-melanoma
A375 cells with metastatic potential [18]. In addition, ternary composite nanofibers con-
taining tannic acid can be used as wound dressings in the case of recessive dystrophic
epidermolysis bullosa, which often leads to the development of an aggressive form of
squamous cell carcinoma [19]. TA has been shown to help crosslinking of gelatin and pectin
derivatives due to the presence of a large number of hydroxyl groups in the polyphenol
structure due to intermolecular H-bond formation, in which the polyphenols act as electron
pair donors [20]. From the physicochemical point of view, polyphenols stabilize the sec-
ondary structure of proteins, increase their thermal stability and significantly reduce their
biodegradability [21]. Recently, a comparative analysis was carried out of the ability of
gellan gum hydrogels enhanced with polyphenols (including the ones investigated in our
research, ALSOK 02 and ALSOK 04), to enzymatic mineralization and the hydroxyapatite
formation [22]. TA inclusion inhibited the growth of human osteoblast-like Saos-2 cells on
substrates of mineralized gellan gum hydrogel biomaterials with calcium phosphate and
did not confer antibacterial activity against Escherichia coli.

In this study, we combined the beneficial properties of TAs and WPI to create new
pH-sensitive cytocompatible hydrogels which display an anticancer affect. Two TAs of
differing molecular weight and chemical structure (polygalloyl glucoses—ALSOK 02 and
polygalloyl quinic acids—ALSOK 04) were compared using swelling tests at different
pH values. We hypothesized that the addition of TAs would reduce the swelling of WPI
hydrogels due to the aforementioned interactions between polyphenols and proteins. To
our best knowledge, this combination of components has not yet been tested for biomaterial-
related applications. We focused on the dependence of the swelling ability of hydrogels on
pH of the medium, chemical structure, and concentration of TAs, which allowed a more
prolonged release of TAs over several days. The behavior of hydrogels that are sensitive
to external pH are especially in demand in the development of anticancer scaffolds. The
cytotoxic activity of TA and WPI-based hydrogels were evaluated in vitro against the Hep-2
human laryngeal squamous carcinoma cell line (Hep-2 cells).
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2. Materials and Methods
2.1. Materials

Phosphate buffered saline (PBS, 0.01 M), iron(III) chloride (tetrahydrate) were obtained
from Sigma-Aldrich (Steinheim, Germany). AlamarBlue (Cell Viability Reagent) was
obtained from Invitro-gen (Waltham, MS, USA). Hydrochloric acid and sodium hydroxide
was purchased from Reakhim (Moscow, Russia) and used without further purification.
WPI (BiPRO, Davisco Foods Int., Inc., Eden Prairie, MN, USA) with 97.7% protein and 75%
BGL in dry matter (according to the specification) was used as described previously [6].
TAs (ALSOK 02; MW 1040 D; pentagalloyl glucose 20% by weight; ALSOK 04; MW 850 D)
was purchased from Omnichem NV Belgium (Wetteren, Belgium). Millipore Milli Q water
(18.2 MΩ cm−1) was used as an aqueous medium during all sets of experiments.

2.2. Methods
2.2.1. Hydrogel Preparation

The hydrogel preparation was carried out by thermally-induced gelation. Hydrogels
were fabricated with four different concentrations of TAs: 1.5, 3.0, 6.0, and 12.0 mg per mL
which corresponds to the TA/WPI ratios were 0.0375/0.075/0.15/0.30 in the hydrogels; a
control sample without the TA addition was also prepared. The required amount of TAs
was added to the initial solution consisting of 40 mg per mL WPI [23]. All WPI hydrogels
were prepared from a solution at pH 7.0. The protein–polyphenol solutions were left in the
refrigerator overnight to remove excess air bubbles present. The solutions were transferred
to plastic Petri dishes. Gelation was carried out at 90 ◦C for 30 min in an oven. Each cm2

of the Petri dish surface area was occupied by 0.31 mL hydrogel. The resulting hydrogels
were then transferred to glass Petri dishes for further autoclaving at 121 ◦C for 15 min
before any further characterization.

2.2.2. Swelling Study in Phosphate Buffered Saline (PBS) with Different pH Values

The behavior of the swelling of the hydrogel samples was carried out in PBS at
different pH values (pH 5, 7, 9). The desired basic and acidic pH values were obtained
by pH adjustment using NaOH and HCl solutions, respectively. To measure the swelling,
after autoclaving, samples of the excised hydrogel discs (diameter 3 mm) were dried at
80 ◦C for 1 h, then a dried sample with known weight was placed in 24-well plates and
incubated in a solution (1:10). The swelling process took place at room temperature for
up to 48 h. Swollen gels were periodically (1, 24, and 48 h) removed, blotted on dry filter
paper to remove excess water and immediately weighed. Then, the mass increase (MI) was
calculated as:

MI (%) = ((Mt −Mo)/Mo) × 100

where Mt is the weight of the hydrogel at a certain time, Mo is the initial hydrogel weight.
All experiments were carried out with n = 6.

2.2.3. Fourier Transform Infrared (FTIR) Spectroscopy

The chemical structure of the synthesized WPI hydrogels was investigated by using
Fourier Transform Infrared spectroscopy using a Fourier-transform infrared (FTIR) spec-
trophotometer (Agilent Technology, Oxfordshire, UK) in attenuated total reflectance (ATR)
mode. Spectra were collected in the 500–4000 cm−1 spectral range with a resolution of
4 cm−1 and an average of 8 scans.

2.2.4. In Vitro Release Studies

The TA release from WPI hydrogels was measured using a spectrophotometer (Multi-
Mode Reader Synergy H1, BioTek, Winooski, VT, USA) at 48 h after incubation. A dried
hydrogel sample was weighed accurately and then incubated in PBS at room temperature
for up to 48 h. At the indicated time, a few drops of 0.5 N iron(III) chloride were added
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to the selected aliquot, and the optical density of the solutions was measured at 586 nm
(Figures S1 and S2) [24]. The tests were conducted on six independent replicates.

2.2.5. Cell Viability Test

Cells were seeded in 96-well plates at the density described in the individual exper-
iments. The following day, the excised hydrogel discs (diameter 3 mm) were added to
triplicate wells. Fresh medium was added to each of 96 wells. Subsequently, the cells were
incubated (Innova CO-170, New Brunswick Scientific, Enfield, CT, USA) at 37 ◦C for 48 h,
together with the added materials. In the last step, 10 µL of AlamarBlue dye was added to
each well and the intensity was measured using a spectrophotometer (Multi-Mode Reader
Synergy H1). The experiment showed the capability of metabolically active cells to convert
the AlamarBlue reagent into a fluorescent and colorimetric indicator. [25].

A commercially available laryngeal cancer cell line, Hep-2 (ATCC, CCL-23) was kindly
provided by the center “Symbiosis” IBPPM RAS (Saratov, Russia).

2.2.6. Statistical Analysis

The statistical data on the WPI-TA hydrogels’ swelling under conditions with different
pH, both with and without TA, the TA release and the cytotoxic activity of the hydrogels
were calculated using Microsoft Excel. Means and standard deviations were obtained from
3–6 independent experiments.

The data on the kinetics of swelling of hydrogels loaded with TA incubated in PBS
at different pH values were plotted as “mean ± standard error” (n = 6). The viability
of Hep2 cells incubated for 24 and 48 h with hydrogels containing different TA/WPI
ratio was presented as “mean ± standard error” (n = 4). Differences between treatments
were analyzed using two-way analysis of variance (ANOVA, Microsoft Excel 2016). [26]
Calculations were carried out using Microsoft Excel software. Values of p ≤ 0.05 were
considered significant (Tables S1–S4).

3. Results and Discussion
3.1. Preparation and Characterization of WPI Hydrogels Containing TAs

WPI is a promising cross-linking component for the preparation of hydrogels contain-
ing various biologically active compounds. Previously, hydrogels based on various WPI
concentrations were synthesized and their properties were studied. [6]. Two types of TAs
(polygalloyl glucoses—ALSOK 02, polygalloyl quinic acids—ALSOK 04) were used for the
fabrication of the WPI hydrogels. The main differences in these preparations are varying
amounts of hydroxyl groups and chemical structure. Based on the literature data, TA
concentrations in WPI hydrogels were selected and hydrogels with differing TAs contents
were synthesized 1.5; 3.0; 6.0 and 12.0 mg per mL, which corresponds to the TA/WPI ratios
were 0.0375/0.075/0.15/0.30 in the hydrogels. [27,28]. Hydrogels were obtained by heating
the solution to 90 ◦C for 30 min. Such a short exposure to high temperatures does not lead
to pathological changes in the TA structure [29].

The gelification process of WPI-TAs solutions was carried out at pH 7 in deionized
water. It is assumed that the incorporation of an additional small TAs amount into the
WPI hydrogel structure (maximum TA/WPI ratio of 0.30) does not affect the hydrogel pI,
since WPI is the prevailing constituent of hydrogels. According to previously published
studies [30] the pI of hydrogels obtained at a pH above the native protein pI (pI 5.2) shifts
to a more acidic range (pI 4.1) due to the electrostatic repulsion of negatively charged
groups of glutamic and aspartic acids and corresponding deprotonation of lysine amino
acid residues.

To understand the functional properties of WPI-TA hydrogels, it is necessary to deter-
mine their structure and identify the binding nature of the protein and polyphenols. FTIR
measurements are a sensitive tool for detecting conformational changes in the secondary
structure of a protein [31]. In the present study FTIR-spectra of WPI-TAs hydrogels were
measured from a solid dried condition to exclude pronounced stretching vibrations of
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water molecules in the 3673–2942 cm−1 range and a deformation band of water in the
1644 cm−1 region. Figure 1 shows the FTIR spectra of unmodified WPI hydrogel and
hydrogels with various TA concentrations. In the spectrum of the unmodified WPI hy-
drogel (burgundy line), we observed three strong bands at 3208, 1673, and 1545 cm−1,
which correspond to vibrations for amide A, amide I, and amide II, respectively [32]. In the
vibrational spectrum region of amide I, stretching vibrations of the COO- of the Asn and
Gln side residues and NH3

+ deformation vibrations of amino acids containing additional
NH2-groups in the side chain (Asp, Glu, Lys, and Arg) are manifested. This overlap of the
amino acid residues absorption bands with the Amide I absorption band makes it very
sensitive to the intermolecular H-bonds manifestation. A signal change of the amide I
absorption band makes it possible to determine the conformational protein change.
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FTIR spectra of hydrogels with different TA contents showed similar bands to that
of the WPI hydrogel control spectrum. It indicates that new covalent bonds were not
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created. A similar result was reported by Ferraro, et al. (2015), who studied the nature
of the interaction between rosmarinic acid (natural polyphenol) and milk whey proteins
through non-covalent bonds in detail [33].

The spectral lines of hydrogels with TAs revealed broadening of the vibrational signal
at 3208 cm−1, which indicates the formation of intermolecular H-bonds (Figure 1c,d). For
hydrogels containing polygalloyl glucose (ALSOK 02) the broadening of the symmetric
vibration signal of -NH and -OH groups into Amide A is more pronounced than for
hydrogels with the same content of the polygalloyl quinine acid (ALSOK 04). H-bonds
are the main binding force of WPI and hydrophilic substances [34]. Vibrational signals of
Amide I and Amide II are considered the basis of the WPI signal and confirm the presence
of whey proteins. A change in the secondary structure of the protein is usually explained
by broadening of Amide I and a shift of Amide II. When more ALSOK 02 is added into
hydrogels, the peaks of Amide I bending vibrations are shifted by 7 cm−1 (from 1545 cm−1

to 1538 cm−1) towards a lower wavenumber (Figure 1c). This indicates a change in the
nature of the side amino group vibrations of Asp, Glu, Lys, and Arg due to the formation
of intermolecular H-bonds with the polyphenols. The same phenomenon occurred for
Amide II; the maximum shift was observed from 1673 cm−1 to 1657 cm−1 for a hydrogel
with ALSOK 02/WPI ratio 0.30 (Figure 1b,d). For hydrogels containing ALSOK 04, the
shifts of stretching vibrations of Amide I and Amide II groups were more significant than
for hydrogels with ALSOK 02, perhaps due to the contribution of closely spaced signals
of stretching vibrations of carboxyl groups and stretching of the C=C aromatic bonds
of uncrosslinked ALSOK 04. The maximum shift was up to 25 cm−1 and was observed
also for hydrogels with ALSOK 04/WPI ratio 0.30 (Figure 1d). The shift of Amide I and
Amide II indicates the presence of an electrostatic interaction between WPI and TA, and not
chemical reactions [31]. For the WPI-ALSOK 02 complex, the formation of intermolecular
H-bonds is more characteristic than for the WPI-ALSOK 04, which directly depends on
the chemical structure of TAs and their ability to ionize in water. Thus, a hydrolysable
polygalloyl glucose (ALSOK 02) with a large number of hydroxyl groups interacts better
with protein than polygalloyl quinic acid (ALSOK 04). Thus, in all cases, non-specific
binding between polyphenols and WPI is confirmed, without additional covalent bond
formation during the hydrogels’ preparation.

3.2. Swelling Kinetics of WPI Hydrogels

The swelling characteristics play an important role in the absorption of body fluids
and the transfer of nutrients and cellular metabolites. One of the main strategies for
releasing captured drugs is controlled hydrogel swelling. It is known that an osmotic
pressure is also defined as the measure of the tendency of a solution to take in pure solvent
by osmosis. Under an action of a solvent diffusion and hydrogel network osmotic pressure,
an increase of the pore size is observed that results in mixing between the solvent and the
WPI segments and, as a consequence, swelling of hydrogels [35]. The swelling degree of
hydrogels depends on the stretching of the polymer chains, which exert a pressure inside
the hydrogel through their elasticity.

A swelling test was performed for WPI hydrogels containing different amounts of
TAs and a control hydrogel without TAs in PBS solution (pH 7) for six repetitions within
48 h. The swelling degree of hydrogels depends on the hydrogel composition and the
surrounding aqueous medium, as well as the degree of protein–protein, protein–water or
protein–polyphenol interactions. [7] The increase of the mass increasing (MI) was observed
for all hydrogels at the first 1 h of the swelling experiment (Figure 2). It indicates that all
hydrogels absorbed and retained a certain amount of water in their structure. According
to two-way analysis of variance (ANOVA), the swelling data of WPI-TA hydrogels are
statistically significantly different (p < 0.05) between hydrogels with different TA/WPI
ratio compared to the control hydrogels without TA. (Table S1).
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As shown in Figure 2, the presence of TAs which are bound to WPI proteins by non-
covalent electrostatic interaction in the hydrogel structure significantly reduces its swelling
ability. The inability of TAs to absorb water reasons for the decrease in the MI of hydrogels
thereby preventing swelling. Thus, a high polyphenol content in hydrogels can inhibit
the penetration of various proteins and, therefore, it is believed that bioactive drugs will
be protected from premature degradation due to the hindrance of enzyme diffusion into
pores in the hydrogels. Also, the correlation between the swelling ratio of the hydrogel
and the TA concentration will allow hindrance of drug diffusion into the body and, as
a consequence, slow the kinetics of drug release [36]. The highest MI was observed for
hydrogels with the lowest TAs/WPI ratio—0.0375.

In general, for hydrogels containing TAs with a high content of hydroxyl groups
(ALSOK 02), the MI is higher than for hydrogels with the same concentration of polygal-
loylquinic acids (ALSOK 04). This is primarily due to the chemical structure of the added
compounds. Addition of greater numbers of the hydroxyl groups to the hydrogel network
allows an increase in the number of formed intermolecular H-bonds. As a rule, such bonds
are labile and are easily stretched and broken by exposure to external stimuli. The osmotic
pressure generated during the swelling process can be responsible for such spatial changes
in the hydrogel networks.

An increase of the TA concentration in the WPI hydrogels reduces and limits the mo-
bility of the hydrogel network, which leads to resistance to diffusion and water uptake. [37]
So the smallest MI is observed for the hydrogels containing the maximum amount of
ALSOK 02 and ALSOK 04. For hydrogels with a maximum TA content (TA/WPI ratio
0.30), complete swelling by water is observed 24 h after the incubation start. After 48 h, the
MI decrease is observed (Figure 2) due to the subsequent reduction in the hydrogel mass,
provoked, probably, by TA release from the hydrogel networks.

3.3. pH-Dependent Swelling Behaviors and TA Release from WPI Biohydrogels

We also focused on studying the pH dependence of hydrogel swelling. The prepared
hydrogel compositions were immersed in acidic (pH 5, Figure 3 above) and basic (pH 9,
Figure 3 below) phosphate buffered saline (PBS), incubated for 48 h at room temperature.
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For 48 h after a storage, the solutions became more opaque in the basic state (pH 9),
but transparent at acidic medium (pH 5). This is due to TA hydrolysis and the subsequent
oxidation by decarboxylation of the hydrolysis products in the presence of base. Usually,
hydrogels formed from amphoteric polyelectrolytes (for example, WPI) have a small MI at
a pH equal to their isoelectric point (pI of native ß-lactoglobulin is 5.1) [38]. The presence
of a high TAs content affects the diffusion of ions, reducing the elasticity of the hydrogel
network. Such a low ability of hydrogels to take up water is associated with less interaction
or absence of WPI hydrophilic sites with water due to the formation of numerous bonds
between the protein and TAs. Due to this, the formation of denser and more rigid structures
occurs, which leads to a decrease in the flexibility of protein chains. In PBS solutions, the
swelling capacity of hydrogels is lower compared to the values in distilled water. This
can be explained by the uneven distribution of ions in the hydrogel network and solution.
This causes a decrease in the equilibrium water absorption of the hydrogel and a swelling
decrease over time.

It is interesting to note the behavior of hydrogels in the basic medium (Figure 4 left,
down; right, down). The MI value for hydrogels at pH 9 is higher than at pH 2 during the
first hour of the experiment. So the higher the pH, the more surface charges, the higher
the electrostatic repulsive force, and higher MI value [30,39]. For the control WPI sample
that does not contain TAs, the MI value continues to grow throughout the duration of
the experiment. However, the presence of TA in the hydrogel results in lower MI values.
According to two-way analysis of variance (ANOVA), statistically significant differences
(p < 0.05) in the swelling data of hydrogels are observed between hydrogels with different
TA/WPI ratio compared to the control hydrogels without TA (Tables S2 and S3). A decrease
of MI values is observed with increasing TA concentration in the hydrogels. Due to the
hydrolysis of TAs under basic conditions and partial deprotonization, the destruction of
intermolecular H-bonds is possible and, as a consequence, the release of TA hydrolysis
products from hydrogels with subsequent weight loss. We do not exclude the possibility
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that WPI material may be diffusing out of the hydrogels too. Future work will investigate
the possible simultaneous release of hydrogel material.
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Targeted drug release from hydrogels in combination with a controlled release rate is
a desirable property of pH-sensitive hydrogels. To confirm its hypothesis, the TA release
from hydrogels was studied at different pH. Figure 4 shows the TA release profiles from
hydrogels 48 h after their incubation in PBS solution at pH 5, 7, and 9, respectively.

According to Figure 4, TA release was the smallest when the samples were immersed
in a neutral medium (pH 7). It is believed that the strongest ionic interaction between
polyphenols and protein occurs in the solution at pH was close to the isoelectric point of
native whey proteins (pI 5.1) [40], which leads to the formation of a denser hydrogels.

The highest TAs release 48 h after incubation is observed for hydrogels in the basic
medium (pH 9), which is consistent with the swelling test data. An increase in pH will lead
to deprotonation of WPI and TAs. As a result, a large TA release percentage is observed,
which is associated with a violation of intermolecular H-bonds [41]. For hydrogels con-
taining a small TA weight (TAs/WPI ratio—0.0375) the TA release percentage reaches high
values, up to 80%. However, for WPI hydrogels with the highest TA content (TAs/WPI
ratio—0.30), only 40% of the TA initially present is released from the hydrogel network.
It leads to the formation of a denser hydrogel. We do not exclude the possibility that
WPI material may be diffusing out of the hydrogels. Our future work will investigate the
possibility of simultaneous release of hydrogel material. This aspect is important for the
development of hydrogel scaffold with controlled release of drugs and nutrients, as well as
the case of wound healing, absorption of wound exudates.

In an acidic medium (pH 5), a high TAs release value is observed, which is also
associated with protein dissociation and protonation. This may be a positive sign for
effective cancer therapy, since the local and endosomal pH is significantly lower than that
of normal tissue [42].

Thus, the pH-dependent drug release from hydrogels allows hydrogels to be used
locally, as anticancer scaffolds for the treatment or palliative treatment of serious gastroin-
testinal malignancies where pH values range from acidic (in the stomach) to basic (in
the intestine).

3.4. Anticancer Activity of WPI Hydrogels Containing TA

Cytotoxicity of WPI hydrogels was estimated on the laryngeal cancer cell line (Hep 2)
using the Alamar Blue assay, which measures the metabolic activity of cells.

The cultivation of Hep 2 cells during 48 h in the presence of WPI hydrogel discs
without and with the addition of TAs (ALSOK 02, ALSOK 04) showed that samples
without TAs exerted an inconsiderable cytotoxic effect on the cell line whereas hydrogels
contained TAs caused a significant inhibition of metabolic processes (Figure 5).
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Figure 5. Results of cytotoxicity tests of WPI hydrogels without and with addition of TAs (ALSOK 02 and ALSOK 04) on
the Hep 2 cell line. The Hep 2 cells were cultured in the presence of WPI hydrogels containing TAs (blue—ALSOK 02,
green—ALSOK 04), hydrogels without TAs (brown). Cell culture without adding WPI hydrogels (black) was the control
throughout the experiment. p < 0.05 compared with the control groups without adding TA.

Hydrogels with TA/WPI ratio 0.0375 produced a similar effect in comparison to pure
hydrogel samples. The increase of TAs concentration led to more significant cytotoxic
effects, correspondingly. Samples with maximum TA/WPI ratio 0.3 after 24 h incubation
exhibited to 50% inhibition of metabolic processes whereas after 48 h this value increased
to 80%. Previously, the ability of polyphenol derivatives to induce apoptosis and cell cycle
termination was shown for cancer cell lines in vitro [43,44]. However, the cytotoxic effect of
hydrogels with ALSOK 02 was higher than for the sample containing ALSOK 04 (Figure 5).
Significant differences in cell viability between WPI hydrogels with different TA/WPI ratio
were observed (p < 0.05) compared with the control groups without adding TA for each one
of TA types (Table S4). In previous work on mineralized gellan gum hydrogels containing
ALSOK 02 and ALSOK 04, greater cytotoxicity towards osteosarcoma-derived Saos-2 cells
was observed after 2 h [22]. Thus, the use of WPI hydrogels containing TAs at 3 mg per
mL (TA/WPI ratio 0.075) concentration is the most promising for provision of a prolonged
anti-cancer effect.

4. Conclusions and Outlook

WPI hydrogels containing two types of TA have been produced, which withstand
autoclaving. The greatest influence on the swelling change is exerted by the amount of
TAs contained in the WPI hydrogels. An increase of the TA/WPI ratio in the hydrogels to
0.30 (for ALSOK 02 and ALSOK 04 both) leads to a significant decrease in MI compared
with the control hydrogel without TA in neutral conditions (pH 7). The pH lowering leads
to a MI decrease and an increase in the amount of released TAs by 1.5–2 times compared
with incubation at neutral pH (pH 7) for all WPI hydrogels with and without TAs. The
maximum TAs release was observed for hydrogels with the TA/WPI ratio 0.0375 (for
ALSOK 02 and ALSOK 04 both) in alkaline pH (pH 9) and amounted to almost 80% 48 h
after the incubation start. According to the swelling data, at this time point, the hydrogels
begin to destruct, since their MI have negative values at 48 h. Future work will investigate
the possible simultaneous release of hydrogel material. Also, measurements of the pH and
zeta potential of the hydrogel dependence on pH gelification will be investigated in our
future work. All obtained hydrogels containing TAs have cytotoxic properties against the
human laryngeal cell carcinoma (Hep-2) Hep-2 cell line. An increase in the concentration
of TAs in hydrogels leads to an increase in the cytotoxic effect. Thus, a WPI hydrogels can
be used as anti-cancer scaffolds with a prolonged release profile of TAs.
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Supplementary Materials: The following are available online at https://www.mdpi.com/1996-194
4/14/4/749/s1, Figure S1: Linearity using ALSOK 02 demonstrating the line equation and the linear
correlation coefficient (R2), Figure S2: Linearity using ALSOK 04 demonstrating the line equation and
the linear correlation coefficient (R2), Table S1: p-Values for two-way analysis of variance (ANOVA)
statistics for the WPI-TA hydrogel‘s swelling data (TA/WPI ratio–0.0375/0.075/0.15/0.3) at pH 7
compared to the swelling data of the WPI hydrogel without TA, Table S2: p-Values for two-way
analysis of variance (ANOVA) statistics for the WPI-TA hydrogel’s swelling data (TA/WPI ratio–
0.0375/0.075/0.15/0.3) at pH 5 compared to the swelling data of the WPI hydrogel without TA,
Table S3: p-Values for two-way analysis of variance (ANOVA) statistics for the WPI-TA hydrogel’s
swelling data (TA/WPI ratio–0.0375/0.075/0.15/0.3) at pH 9 compared to the swelling data of the
WPI hydrogel without TA, Table S4: p-Values for two-way analysis of variance (ANOVA) statistics
for the cell viability data of WPI-TA hydrogels (TA/WPI ratio–0.0375/0.075/0.15/0.3) compared to
the WPI hydrogel without TA.
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