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Abstract: The development of new delivery systems for polyphenols is necessary to maintain their
antioxidant activity and targeted delivery. The purpose of this investigation was to obtain alginate
hydrogels with immobilized callus cells, in order to study the interaction between the physicochemical
properties of hydrogels, texture, swelling behaviour, and grape seed extract (GSE) release in vitro.
The inclusion of duckweed (LMC) and campion (SVC) callus cells in hydrogels led to a decrease in
their porosity, gel strength, adhesiveness, and thermal stability, and an increase in the encapsulation
efficiency compared with alginate hydrogel. The incorporation of LMC cells (0.17 g/mL), which
were smaller, resulted in the formation of a stronger gel. The Fourier transform infrared analyses
indicated the entrapment of GSE in the alginate hydrogel. Alginate/callus hydrogels had reduced
swelling and GSE release in the simulated intestinal (SIF) and colonic (SCF) fluids due to their less
porous structure and the retention of GSE in cells. Alginate/callus hydrogels gradually released GSE
in SIF and SCF. The faster GSE release in SIF and SCF was associated with reduced gel strength and
increased swelling of the hydrogels. LMC-1.0Alginate hydrogels with lower swelling, higher initial
gel strength, and thermal stability released GSE more slowly in SIF and SCF. The GSE release was
dependent on the content of SVC cells in 1.0% alginate hydrogels. The data obtained show that the
addition of callus cells to the hydrogel provides them with physicochemical and textural properties
that are useful for the development of drug delivery systems in the colon.

Keywords: alginate; callus; cells; hydrogel; delivery system; grape seed extract

1. Introduction

Grape seed procyanidins have strong antioxidant properties [1,2]. They are able to
protect against oxidative stress by reducing the concentration of free radicals, blocking
their propagation and chelating metals [3]. Grape seed polyphenols are represented by
monomers (catechin, epicatechin, epicatechin 3-O-gallate, gallocatechin, epigallocatechin),
dimers, trimers, and polymerized procyanidins [4,5]. Grape seed extract (GSE) increases
the number of colonic goblet cells, decreases the activity of colonic myeloperoxidase,
and attenuates inflammation [3,6], as well as improving jejunal health by suppressing
inflammation and regulating alkaline phosphatase [7]. Grape seed proanthocyanidins
may modulate the gut microbiota by increasing levels of Lactobacilli and Bacteroides, thus
representing an alternative approach to the treatment of IBD [3,6]. Proanthocyanidins can
reduce the oxidation reaction in the intestine [8].

However, procyanidins are poorly soluble in water, unstable in the biological envi-
ronment, and affected by temperature, pH, light, and relative humidity [2,3]. Grape seed
procyanidins have low bioavailability due to their high molecular weight [9,10]. Therefore,
the food and pharmaceutical industries cannot fully utilize these valuable compounds
for their intended purpose. One approach to solving the problem of unstable phenolic
compounds is to use a method of encapsulating these compounds, which protects phenols
during transit in the gastrointestinal tract [11–16]. Grape seed proanthocyanidins were

Gels 2023, 9, 256. https://doi.org/10.3390/gels9030256 https://www.mdpi.com/journal/gels

https://doi.org/10.3390/gels9030256
https://doi.org/10.3390/gels9030256
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/gels
https://www.mdpi.com
https://orcid.org/0000-0002-2915-6928
https://orcid.org/0000-0003-1763-8898
https://doi.org/10.3390/gels9030256
https://www.mdpi.com/journal/gels
https://www.mdpi.com/article/10.3390/gels9030256?type=check_update&version=1


Gels 2023, 9, 256 2 of 17

encapsulated in alginate–pectin microspheres [17], alginate–cellulose microcapsules [18],
alginate–chitosan microparticles [19], alginate–oil–chitosan capsules [20], pectin– pullu-
lan films [21], chitosan particles [22], chitosan–lecithin microspheres [23], Bletilla striata
polysaccharide/chitosan microspheres [24], and phospholipid vesicles [8]. In most cases,
the encapsulating agents cannot guarantee the targeted polyphenols release. In previous
studies of the kinetics of polyphenol release from alginate–pectin beads, alginate beads and
pectin films showed an increase in release (up to 90%) in the first 5–60 min, followed by a
sustained release and then a plateau [17,25,26].

The development of new delivery systems for polyphenols is necessary to maintain
their antioxidant activity and targeted delivery. Therefore, in the present study, the encap-
sulation of GSE was performed in alginate hydrogel matrices with immobilized cells of
callus cultures. Alginate is a polysaccharide, which consists of residues of L-guluronic and
D-mannuronic acids, forming hydrogels with the participation of divalent cations [27–29].
Alginate can protect GSE during gastric passage because it is stable in acidic environments.
Alginate gel matrices mixed with other polymer matrices are capable of retaining polyphe-
nols. It has been shown that alginate/cellulose microcapsules are able to significantly
retain GSE at elevated temperatures and at a decreased pH, when compared to alginate
microcapsules [18]. In recent years, hydrogels have been produced with immobilized plant
cells, which can help create a unique food texture and expand the range of plant-based
food production with valuable functional properties [30–36]. Callus cells immobilized in
a hydrogel have the unique texture of artificial plant tissues, which are associated both
with their special porous microstructure and cell turgor pressure [31,32]. In this study,
we propose the use of callus cells immobilized in alginate hydrogel, since we assume
that callus cells with a pore microstructure can facilitate the penetration and retention of
GSE in the alginate/callus hydrogel, and then the gradual release of GSE in gastroenteric
environments. Cells of campion and duckweed callus cultures were chosen as model cells
for immobilization in alginate hydrogel, since they differ in size by a factor of two, which
will have an effect on the properties and texture of the composite hydrogels and the ability
to retain GSE in the hydrogel matrix. In addition, it is not known how the incorporation
of callus cultures cells into an alginate hydrogel will alter the physicochemical and textu-
ral properties of the latter, or how it will alter the swelling and the ability to retain and
release GSE.

The purpose of this investigation was to obtain alginate hydrogels with immobilized
cells of different callus cultures, in order to evaluate their physicochemical characteris-
tics and texture and to study the interaction between the physicochemical properties of
hydrogels, texture, swelling behaviour, and grape seed extract release in vitro.

2. Results and Discussion
2.1. Characterization of Hydrogels Formed from Alginate and Cells of Different Callus Cultures

Hydrogel particles of a spherical shape were obtained from sodium alginate (Alg,
0.5 and 1.0%), campion (SVC) and duckweed (LMC) callus cells (0.17, 0.33, and 0.50 g/mL),
and GSE (1.3 mg/mL) using ionotropic cross-linking with 1.0% calcium lactate (Figure 1).
The surface morphology of freeze-dried GSE-loaded Ca-alginate (Alg1.0) and Alg1.0/callus
(0.17SVC-1.0Alg, 0.5SVC-1.0Alg, 0.17LMC-1.0Alg, 0.5LMC-1.0Alg) hydrogel particles is
shown in Figure 2. All particles had a spherical shape and a rough and wrinkled surface,
which could be due to the collapse of the hydrogel network after freeze-drying [37,38].
Alg1.0 particles had deep wrinkles and folds (Figure 2a) and a porous microstructure
(Figure 2f). A wrinkled morphology has previously been shown for alginate capsules
prepared from 1.0% alginate [18]. The surface roughness of gel beads was higher at low
concentrations of sodium alginate [39] and alginate microspheres had a porous surface
morphology [17]. The presence of callus cells had a significant effect on the morphological
characteristics of the resulting hydrogels. Alg1.0/callus particles (Figure 2b–e) had shal-
lower wrinkles and folds compared to Alg1.0 particles (Figure 2a). With an increase in the
content of cells in hydrogels, a decrease in the number and depth of folds on the particle
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surface was noted (Figure 2b–e). In addition, a decrease in the thickness of wrinkles and
folds was observed at a magnification of 948× (Figure 2g–j). Thus, a less rough surface
was formed by increasing the ratio of cells to alginate. In addition, granular surface mor-
phology was observed in particles based on LMC cells and alginate at a magnification of
948× (Figure 2i,j), which could be due to the smaller size of these callus cells compared to
SVC cells (Figure 2g,h).
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The diameters of Alg0.5 and Alg1.0 particles based on alginate alone were 3.303 and
3.631 mm, respectively (Table 1). The inclusion of callus cells caused an increase in the di-
ameter of alginate beads in proportion to the concentration of callus cells. The diameter, gel
strength, work, and elasticity of GSE-loaded hydrogels based on sodium alginate alone at a
concentration of 1.0% (Alg1.0) were 1.1, 2.6, 3.3, and 1.4 times higher, respectively, than those
of hydrogels based on sodium alginate at a concentration of 0.5% (Alg0.5) (Tables 1 and 2).
In this case, the adhesiveness of the hydrogels had similar values. The increase in gel
strength and elasticity with increasing alginate concentration was probably due to the
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increased amount of alginate COO− groups binding Ca2+ ions, which led to the emergence
of more cross-links and the formation of a strong Ca-alginate gel [17,40].

Table 1. Characterization of hydrogel particles.

Gel Formulation Content of Callus
Cells (g/mL)

Concentration of
Alginate (%)

Diameter of
Particles (mm)

Encapsulation
Efficiency (%)

Alg0.5 0 0.5 3.303 ± 0.132 48.3 ± 0.2
0.17SVC-0.5Alg 0.17 0.5 3.759 ± 0.095 a 63.6 ± 0.6 a

0.33SVC-0.5Alg 0.33 0.5 3.907 ± 0.124 a 67.8 ± 0.5 a

0.5SVC-0.5Alg 0.50 0.5 4.056 ± 0.152 a 65.8 ± 1.0 a

0.17LMC-0.5Alg 0.17 0.5 3.688 ± 0.132 a 72.4 ± 0.4 a

0.33LMC-0.5Alg 0.33 0.5 3.811 ± 0.143 a 68.9 ± 0.5 a

0.5LMC-0.5Alg 0.50 0.5 3.933 ± 0.154 a 65.5 ± 0.5 a

Alg1.0 0 1.0 3.631 ± 0.122 a 50.7 ± 1.0 a

0.17SVC-1.0Alg 0.17 1.0 4.036 ± 0.143 a,b 71.6 ± 0.3 a,b

0.33SVC-1.0Alg 0.33 1.0 4.231 ± 0.161 a,b 76.5 ± 0.3 a,b

0.5SVC-1.0Alg 0.50 1.0 4.425 ± 0.178 a,b 72.9 ± 0.3 a,b

0.17LMC-1.0Alg 0.17 1.0 3.806 ± 0.152 a,b 76.3 ± 0.5 a,b

0.33LMC-1.0Alg 0.33 1.0 4.044 ± 0.128 a,b 72.8 ± 0.4 a,b

0.5LMC-1.0Alg 0.50 1.0 4.282 ± 0.104 a,b 64.7 ± 0.3 a,b

a p < 0.05 vs. Alg0.5; b p < 0.05 vs. Alg1.0. The data are presented as the mean ± S.D., n = 20.

Table 2. Texture properties of hydrogels.

Gel Formulation Initial Gel
Strength (N) Work (N·s) Adhesiveness (N) Elasticity (mm)

Alg0.5 0.472 ± 0.059 0.284 ± 0.034 0.020 ± 0.001 1.938 ± 0.075
0.17SVC-0.5Alg 0.246 ± 0.028 a 0.192 ± 0.027 a 0.019 ± 0.001 a 1.977 ± 0.113
0.33SVC-0.5Alg 0.282 ± 0.020 a 0.265 ± 0.039 0.019 ± 0.001 a 2.329 ± 0.208 a

0.5SVC-0.5Alg 0.244 ± 0.019 a 0.242 ± 0.027 a 0.018 ± 0.001 a 2.362 ± 0.187 a

0.17LMC-0.5Alg 0.358 ± 0.058 a 0.251 ± 0.037 a 0.018 ± 0.001 a 1.992 ± 0.058 a

0.33LMC-0.5Alg 0.260 ± 0.030 a 0.251 ± 0.052 a 0.018 ± 0.001 a 2.225 ± 0.196 a

0.5LMC-0.5Alg 0.211 ± 0.017 a 0.377 ± 0.039 a 0.018 ± 0.001 a 2.351 ± 0.326 a

Alg1.0 1.228 ± 0.086 a 0.942 ± 0.079 a 0.019 ± 0.004 2.678 ± 0.169 a

0.17SVC-1.0Alg 0.654 ± 0.096 a,b 0.626 ± 0.080 a,b 0.018 ± 0.001 a 2.679 ± 0.188 a

0.33SVC-1.0Alg 0.670 ± 0.050 a,b 0.678 ± 0.064 a,b 0.017 ± 0.001 a 2.709 ± 0.176 a

0.5SVC-1.0Alg 0.575 ± 0.048 a,b 0.537 ± 0.074 a,b 0.016 ± 0.001 a,b 2.607 ± 0.139 a

0.17LMC-1.0Alg 0.808 ± 0.100 a,b 0.761 ± 0.101 a,b 0.017 ± 0.001 a 2.776 ± 0.160 a

0.33LMC-1.0Alg 0.715 ± 0.090 a,b 0.789 ± 0.136 a,b 0.016 ± 0.002 a,b 2.829 ± 0.155 a,b

0.5LMC-1.0Alg 0.558 ± 0.058 a,b 0.574 ± 0.068 a,b 0.016 ± 0.002 a,b 2.618 ± 0.166 a

a p < 0.05 vs. Alg0.5; b p < 0.05 vs. Alg1.0. The data are presented as the mean ± S.D., n = 15.

The inclusion of callus cells into Alg0.5 hydrogel caused a decrease in the gel strength,
work, and adhesiveness of hydrogels by 1.3–2.2, 1.1–1.5, and 1.1 times, respectively, when
compared with a hydrogel based on alginate alone, which may be due to a loosening of
the gel structure (Table 2). The same trend was shown when callus cells were included
into Alg1.0 hydrogels. The decrease in gel strength, work, and adhesiveness of hydrogels
was 1.5–2.2, 1.2–1.8, and 1.1–1.2 times, respectively. The elasticity of Alg0.5 and Alg1.0
hydrogels increased and did not change with the inclusion of callus cells. The gel strength,
work, and elasticity of GSE-loaded Alg1.0 hydrogels with immobilized callus cells were
higher than those of Alg0.5 hydrogels with immobilized callus cells, which was linked
to the high ion-binding ability of alginate (Table 2). The adhesiveness of the hydrogels
was similar.

The initial gel strength of GSE-loaded Alg0.5/callus and Alg1.0/callus hydrogels
decreased slightly with an increase in the callus cells content from 0.17 to 0.50 g/mL. A nega-
tive correlation was found between the content of cells and the gel strength
(R2 = −0.663, p < 0.05 for SVC-0.5Alg and LMC-0.5Alg hydrogels; R2 = −0.801, p < 0.05 for
SVC-1.0Alg and LMC-1.0Alg hydrogels). Stronger hydrogels were formed when duckweed
callus cells were included in their composition at a low concentration (0.17 g/mL), which
was probably due to the smaller size of duckweed callus cells (66.9 ± 7.6 µm) compared to
campion callus cells (111.6 ± 14.4 µm). The adhesiveness and elasticity of Alg0.5/callus
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hydrogels had similar values (0.018–0.019 N and 1.98–2.36 mm, respectively). The same
trend was observed for the adhesiveness (0.016–0.018 N) and elasticity (2.62–2.83 mm) of
Alg1.0/callus hydrogels.

The efficiency of GSE encapsulation in hydrogels based on alginate alone at a concen-
tration of 0.5 and 1.0% was 48 and 51%, respectively. The inclusion of callus cells in the
hydrogels led to an increase in the encapsulation efficiency, which was possibly related to
the ability of callus cells to retain GSE. The efficiency of GSE encapsulation in Alg0.5 hydro-
gels containing SVC and LMC cells was 64–66% and 66–72%, respectively. The efficiency
of GSE encapsulation in Alg1.0 hydrogels containing SVC and LMC cells was 72–77%
and 65–76%, respectively. Correlation analysis established a positive correlation (R2 = 0.600,
p < 0.05) between alginate concentration and the efficiency of GSE encapsulation. The degree
of encapsulation increased with an increasing concentration of alginate in the hydrogels.

The lower degree of GSE encapsulation in hydrogels based on alginate alone (Alg0.5
and Alg1.0) was probably due to the presence of pores, while alginate hydrogels containing
callus cells were less porous. The method of low-temperature physical sorption of nitrogen
showed that the pore size of alginate/callus hydrogels was less than 2 nm. The specific surface
area and pore volume of these hydrogels could not be measured due to the very small pore
size. The specific surface area, volume, and radius of pores for Alg0.5 and Alg1.0 particles
were 19.95 m2/g, 0.050 cm3/g, 5.037 nm and 24.50 m2/g, 0.048 cm3/g, 3.915 nm, respectively.
The pores may facilitate the release of GSE during particle preparation. A decrease in
the volume and size of pores was shown in proportion to the concentration of alginate
(from 0.5 to 1.0%), which could probably lead to an increase in the efficiency of GSE
encapsulation. It has previously been shown for alginate-carrageenan films that with
an increase in the carrageenan content and the degree of cross-linking with Ca2+, the
pore size decreased [41]. It is possible that callus cells prevented the formation of pores
in alginate hydrogels during their preparation and, therefore, favored the retention of
GSE. It has previously been shown that proanthocyanidin-loaded alginate/pectin mi-
croparticles had a smaller pore size than alginate microspheres [17]. Previous studies
have shown the high encapsulation efficiency of proanthocyanidins in alginate/cellulose
microcapsules (73–87%) [18], alginate/oil/chitosan capsules (58–88%) [20], and gelatin/pectic
microparticles (85%) [42]. The low efficiency of encapsulation of proanthocyanidins (10–16%)
was noted in alginate–pectin microspheres [17]. Thus, the efficiency of GSE encapsula-
tion in alginate/callus hydrogels is high and comparable to that of previously developed
proanthocyanidin encapsulation systems.

2.2. Fourier Transform Infrared Analyses (FTIR)

The FTIR spectra of GSE-loaded Ca-alginate (Alg1.0), alginate/callus gels (0.17SVC-
1.0Alg and 0.17LMC-1.0Alg), and GSE are presented in Figure 2. The spectrum of GSE-
loaded Ca-alginate gels (Alg1.0) showed peaks at 3411, 2928, 1603, 1420, and 1035 cm−1,
which correspond to the vibration of –OH, C–H, the asymmetric COO−, the symmetric
COO−, and –C–O–C– groups, respectively [18,37,43–46] (Figure 3a). The bands at 1315,
1086, and 936 cm−1 indicate C–O stretching [38,43]. The FTIR spectra in the wave number
COO− of the Ca-alginate gels differed slightly from that of the sodium alginate powder, which
was associated with cross-linking between Ca2+ and the COO− groups of alginate [40,45].
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The shift of the O–H (ca. 3400 cm−1) and COO− (ca. 1600 cm−1) stretching vibrations
was shown by comparing the FTIR spectra of the alginate/callus gels (0.17SVC-1.0Alg
and 0.17LMC- 1.0Alg) with a spectrum of Ca-alginate gels (Alg1.0), which indicated the
formation of hydrogen bonds in the network [17,25] (Figure 3b,c).

The GSE spectrum indicates a characteristic band of -OH stretching at 3422 cm−1,
associated with the phenolic structure of GSE [18,42,47,48] (Figure 3d). The absorption peak
at 2924 cm−1 indicates C–H stretching [18,42]. The absorption peaks at 1616, 1518, 1446, and
1283 cm−1 correspond to the aromatic ring [47,48]. The bands detected at 1616–1109 cm−1

could be attributed to the characteristic functional groups of the proanthocyanidins
polyflavonoids [42,48]. The absorption peaks detected at 1373, 821, and 769 cm−1 are
related to –C–OH deformation vibrations, the phenoxy substitution, and out-of-plane –CH
deformation of aromatic rings, respectively [47,48].

The absorption peaks of GSE were mostly covered by the peaks of alginate hydrogel,
indicating that GSE was embedded in the particles. It has previously been shown that
the FTIR spectra of pectin-Zn-alginate particles loaded with GSE [40], pectin/pullulan
films [21], alginate/cellulose derivatives microcapsules [18], and polysaccharide/chitosan
microspheres [24] were similar to those of empty particles and films. Proanthocyanidins
were physically encapsulated in a polymer matrix without chemical interaction with carrier
materials [24]. Proanthocyanidins were entrapped in the matrix by hydrogen bonding
or transformed into an amorphous structure [24]. The shift of the O–H stretching band
(ca. 3400 cm−1) in the FTIR spectra of GSE-loaded Ca-alginate and alginate/callus gels
compared to the FTIR spectrum of GSE may be due to the entrapment of GSE in the alginate
hydrogel through hydrogen bonds (Figure 3).

2.3. Thermogravimetric Analysis (TGA) and Diffraction Scanning Calorimetry (DSC)

The DSC and TGA charts of GSE-loaded Ca-alginate (Alg0.5 and Alg1.0), Alg0.5/callus
(0.17SVC-0.5Alg, 0.5SVC-0.5Alg, 0.17LMC-0.5Alg, 0.5LMC-0.5Alg), and Alg1.0/callus
(0.17SVC-1.0Alg, 0.5SVC-1.0Alg, 0.17LMC-1.0Alg, 0.5LMC-1.0Alg) gels are presented in
Figures 4 and 5. On the DSC/TGA thermogram of the Alg0.5 hydrogel, a heat outflow
peak was observed at 95.6 ◦C with a weight loss of 4.3%, which was associated with
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the loss of polymer-bound water (Figure 4a,b). The Alg0.5 hydrogel had exothermic
peaks at 269.8 and 333.6 ◦C with an average weight loss of 40.5% and an exothermic peak
at 443.3 ◦C with a weight loss of 3.5%, due to the alginate complex melting process [39].
Significant weight loss was associated with the degradation of the network between alginate
and calcium, a rupture of the chains, and the depolymerisation of the alginate network
structure [27,38]. An exothermic peak of Alg0.5 at 514.5 ◦C with a weight loss of 11.3% was
due to the fragmentation of alginate into monomers, the complete thermal degradation of
the polysaccharide, and the formation of carbon oxide [17,37].
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The thermogram of the Alg1.0 hydrogel revealed exothermic peaks at 264.8 and
333.4 ◦C with an average weight loss of 41.2%, which were similar to those of the Alg0.5
hydrogel (Figure 5a,b). The Alg1.0 hydrogel had exothermic peaks at 448.3 and 493.5 ◦C
and an average weight loss of 9.3%. The thermogram of the Alg1.0 hydrogel showed an



Gels 2023, 9, 256 8 of 17

exothermic peak at 594.2 ◦C and a weight loss of 7.3%. The shift of the last exothermic
peak towards higher temperatures can be explained by an increase in the thermal stability
of the hydrogel formed from the higher concentration of alginate as a result of the higher
chelating strength between alginate and Ca2+ [39].

The DSC/TGA thermograms of 0.17SVC-0.5Alg and 0.5SVC-0.5Alg hydrogels exhib-
ited endothermic peaks at 92.9 and 78.2 ◦C, respectively, due to water loss (Figure 4a).
The 0.17SVC-0.5Alg and 0.5SVC-0.5Alg hydrogels showed similar exothermic peaks at
323.1 and 318.4 ◦C and weight loss of 39.5 and 43.3%, respectively (Figure 4a,b). The
exothermic peaks of the 0.17SVC-0.5Alg and 0.5SVC-0.5Alg hydrogels at 487.0 and 477.4 ◦C
were similar. The weight loss of these peaks was 23.6 and 21.5%, respectively. The degrada-
tion of the LMC-0.5Alg hydrogels and Ca-alginate hydrogel (Alg0.5) started at a higher
temperature compared to the SVC-0.5Alg hydrogels. The 0.17LMC-0.5Alg and 0.5LMC-
0.5Alg hydrogels had exothermic peaks at 336.1 and 327.3 ◦C with weight loss of 11.8 and
3.4%, respectively, as well as exothermic peaks at 509.2 and 518.1 ◦C with weight loss of
12.0 and 23.8%, respectively. In addition, exothermic peaks at 269.8 and 443.3 ◦C were
absent in these alginate/callus hydrogels compared to the Ca-alginate hydrogel (Alg0.5),
which was probably due to the presence of callus cells in the hydrogel composition.

On the DSC/TGA thermograms of SVC-1.0Alg and LMC-1.0Alg hydrogels, an en-
dothermic peak at 79.1–95.1 ◦C with an average weight loss of 7–8% was observed due to
dehydration (Figure 5a,b). The thermograms of 0.17SVC-1.0Alg, 0.5SVC-1.0Alg, 0.17LMC-
1.0Alg, and 0.5LMC-1.0Alg hydrogels exhibited exothermic peaks at 321.7, 330.8, 339.1,
and 337.2 ◦C and weight loss of 38.4, 40.6, 43.8, and 50.4%, respectively (Figure 5a,b).
The 0.17SVC-1.0Alg, 0.5SVC-1.0Alg, 0.17LMC-1.0Alg, and 0.5LMC-1.0Alg hydrogels had
exothermic peaks at 466.0, 483.9, 496.6, and 511.6 ◦C with weight loss of 19.8, 25.2, 14.1,
and 19.8%, respectively. The destruction of LMC-1.0Alg hydrogels started at a higher
temperature compared to SVC-1.0Alg hydrogels due to the increased thermal stability of
LMC-1.0Alg hydrogels.

The destruction of SVC-1.0Alg and LMC-1.0Alg hydrogels started at a lower tempera-
ture compared with the Ca-alginate hydrogel (Alg1.0). The degradation of SVC-1.0Alg and
LMC-1.0Alg hydrogels occurred faster, which was associated with the presence of callus
cells in the composition of the alginate hydrogels, causing a loosening of the hydrogel
structure. The loosening of the hydrogel structure is confirmed by a decrease in the strength
of the gel and an increase in the content of callus cells (Table 2). Moreover, exothermic
peaks at 264.8, 448.3, and 594.2 ◦C were absent in SVC-1.0Alg and LMC-1.0Alg hydrogels
compared to the Alg1.0 hydrogel due to the presence of callus cells.

2.4. Swelling Behavior of GSE-Loaded Alginate Hydrogels with Immobilized Callus Cells

It was found that all hydrogels loaded with GSE did not swell in the simulated gastric
fluid (SGF, pH 1.25, 2 h), while the swelling ratio (SR) was 0.48–0.75 (Figure 6). The
shrinkage of hydrogels in an acidic environment was observed. This phenomenon was due
to the protonation of the carboxyl groups and a decrease in the electrostatic repulsion in an
acidic environment [25,37,38,41]. In addition, it was shown that a decrease in the mobility
of alginate chains and particle swelling was due to the formation of strong hydrogen
bonds [15]. Our data are consistent with those of Tai et al. [19], who found that at gastric
pH, shrinkage of the Ca-alginate gel caused a decrease in the size of alginate/chitosan
microparticles. Shrinkage of repaglinide-loaded pectin–alginate particles was also noted at
pH 1.2 [38]. Rayment et al. [49] found that alginate beads shrink in gastric fluid at pH 2.0
and swell in intestinal fluid at pH 8.0.
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Ca-alginate hydrogels (Alg0.5 and Alg1.0) swelled rapidly in the first hour in SIF
(pH 7.0) and gradually over the next 3 h (Figure 6a,c). The rapid swelling of the hydrogels in
the SIF occurred due to the deprotonation of the alginate COO- groups and their electrostatic
repulsion, which led to the Ca-alginate network expansion and the fluid diffusion into
the hydrogels [37]. A higher degree of swelling at intestinal pH than at stomach pH has
also been shown previously for acacia gum–calcium alginate beads loaded with sodium
diclofenac [37]. Higher swelling of the polyphenol-loaded alginate–pectin microspheres
was also found at pH 6.0 compared to at pH 4.5 [25]. A slow swelling rate of pectin–alginate
beads loaded with repaglinide was shown at pH 1.2 and faster swelling at pH 6.8 [38]. In SIF,
Alg0.5 hydrogels (SR 1.4–2.1) swelled faster than Alg1.0 hydrogels (SR 1.2–1.4) due to the
lower initial gel strength of Alg0.5 hydrogels as well as the larger pore volume and radius in
Alg0.5 hydrogels, which led to the liquid diffusion and swelling. In SCF (pH 6.8 + pectinase,
18 h), Alg0.5 hydrogels decreased in size and degraded (SR 2.0–1.8), while Alg1.0 hydrogels
continued to swell intensively (SR 2.0–2.5). Increased degradation of Alg0.5 hydrogels was
associated with low initial gel strength (0.47 N) compared to Alg1.0 hydrogels (1.23 N)
and the larger volume and size of pores. The data are confirmed by thermal analysis,
which showed that Alg1.0 hydrogels had increased thermal stability compared to Alg0.5
hydrogels (Figures 4 and 5). It has also been previously shown that beads with a lower
alginate concentration swell faster than those with a higher concentration [43].

The inclusion of callus cells reduced the swelling of the alginate hydrogel in SIF
and SCF by 2.0–2.4 and 1.9–2.9 times, respectively, compared with the swelling of a hy-
drogel based on alginate alone, which can be attributed to the less porous structure of
alginate/callus hydrogels (Figure 6). In addition, the callus cells prevented the expansion
of the alginate network. A change in the content of callus cells did not significantly af-
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fect the swelling of the hydrogels. The SVC-0.5Alg and LMC-0.5Alg hydrogels swelled
slowly in SIF and then gradually degraded in SCF, which was similar to Alg0.5 hydrogels
(Figure 6a,b). The SVC-1.0Alg and LMC-1.0Alg hydrogels gradually swelled in SIF and SCF
(Figure 6c,d). The SVC-0.5Alg and LMC-0.5Alg hydrogels swelled faster (SR 0.7–1.2) than
SVC-1.0Alg and LMC-1.0Alg hydrogels (SR 0.6–0.8) in SIF and then degraded in SCF, which
was probably due to the low initial gel strength of the Alg0.5/callus hydrogels (0.21–0.36 N)
compared to Alg1.0/callus hydrogels (0.56–0.81 N). SVC-1.0Alg hydrogels swelled faster in
SCF (SR 1.0–1.2) than LMC-1.0Alg hydrogels (SR 0.8–0.9), which was probably due to the
lower thermal stability and gel strength of SVC-1.0Alg hydrogels (Figure 6c,d).

2.5. The Release of GSE from Alginate Hydrogels with Immobilized Callus Cells

The cumulative release of GSE from hydrogels in the simulated gastrointestinal fluids
is presented in Figure 7. The GSE release in SGF was similar for all hydrogels, due to the
very low swelling capacity of the hydrogels in an acidic fluid and increased shrinkage. A
rapid GSE release was observed during the first 0.5 h of incubation (16–32%) followed by a
very slow release over 1.5 h (24–36%).
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Figure 7. The release of GSE in vitro from hydrogels based on 0.5% alginate and SVC cells (a), 0.5%
alginate and LMC cells (b), 1.0% alginate and SVC cells (c), 1.0% alginate and LMC cells (d) in
the simulated gastric, intestinal, and colonic (SGF, SIF, and SCF, respectively) fluids. The data are
presented as the mean ± S.D., n = 6. * p < 0.05 vs. 0.5 or 1.0% alginate.

Alg0.5 and Alg1.0 hydrogels released GSE more quickly in the first hour of incubation
in SIF (48%) and slowly for 3 h (50–53%), which was consistent with the kinetics of hydrogel
swelling. In SCF, Alg1.0 hydrogels released GSE more slowly (74–78%) than Alg0.5 hydro-
gels (81–82%). This could be due to the increased initial gel strength and thermal stability
of Alg1.0 hydrogels, as well as the smaller pore size in hydrogels and the degradation of
Alg0.5 hydrogels in SCF. The more intense release of GSE in SIF and SCF was associated
with a decrease in the gel strength, which led to an increase in the diffusion of fluids into the
hydrogels and leakage of GSE (Figure 7). The gel strength of Alg0.5 hydrogels decreased in
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SIF (4 h) and SCF (18 h) by 14.8 times compared with the initial gel strength. In SIF and
SCF, the gel strength of Alg1.0 hydrogels decreased by 25.6 and 87.7 times, respectively.
This may be due to the destruction of the cross-linking of the alginate network due to the
replacement of Ca2+ by Na+ at pH 6.8 and 7.0 [18].

The addition of callus cells to alginate hydrogels led to a decrease in the release of GSE
in SIF and SCF by 1.1–1.5 times compared with Ca-alginate hydrogels (Alg0.5 and Alg1.0)
(Figure 7). This could be due to the reduced swelling capacity of alginate/callus hydrogels
compared to Ca-alginate hydrogels due to the less porous structure of alginate/callus gels.
Moreover, it is possible that GSE penetrated and was retained in callus cells and was then
gradually released during the incubation in SIF and SCF. It has also been previously shown
that alginate–cellulose microcapsules with less surface porosity than alginate microcapsules
had a sustained release of GSE [18]. All alginate/callus hydrogels gradually released GSE
in SIF and SCF. The faster GSE release was likely due to the reduction in gel strength after
exposure to these fluids (Figure 8). The gel strength of alginate/SVC hydrogels decreased by
2.0–10.8 and 8.4–15.6 times in SIF and SCF, respectively. The gel strength of alginate/LMC
hydrogels decreased by 2.4–9.6 and 3.9–21.1 times in SIF and SCF, respectively.
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In previous studies regarding the kinetics of polyphenol release from alginate–pectin
beads, alginate beads and pectin films at pH 6.0–7.4 showed an initial burst of release
(40–90%) in the first 5–60 min, followed by a sustained release and a plateau [17,25,26]. In
the present study, alginate/callus hydrogels released GSE gradually in SGF (16–36%), SIF
(36–49%), and SCF (65–74%), indicating a controlled release of GSE in gastrointestinal media.
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At the same time, the GSE was released more quickly in SCF. This phenomenon could be
due to lower swelling of alginate/callus hydrogels and high GSE retention capacity.

The release of GSE in SIF (40–45%) and SCF (67–71%) was similar for SVC-0.5Alg
and LMC-0.5Alg hydrogels (Figure 7a,b). SVC-1.0Alg hydrogels released GSE in SIF and
SCF slightly faster (36–49 and 67–74%) than LMC-1.0Alg hydrogels (40–41 and 65–67%)
(Figure 7c,d). This could be attributed to the higher swelling of SVC-1.0Alg hydrogels, as
well as a lower thermal stability and initial gel strength compared to LMC-1.0Alg hydrogels.
In addition, the gel strength of SVC-1.0Alg hydrogels was significantly lower than that of
the LMC-1.0Alg hydrogels after incubation in SCF (Figure 8b).

Alginate/callus hydrogels released a small amount of GSE (16–36%) in SGF com-
parable to the release of grape seed proanthocyanidins from alginate/cellulose capsules
(21%) [18] and curcumin from alginate/ZnO beads (17%) [15]. At the same time, a sig-
nificantly lower amount of GSE was released from alginate/callus hydrogels compared
to that of grape seed proanthocyanidins from chitosan-based particles (88%) [22]. The
smallest amount of GSE was released in SIF from 0.5SVC-1.0Alg (36%), 0.33SVC-1.0Alg
(40%), 0.5LMC-1.0Alg (40%), 0.33LMC-1.0Alg (40%), 0.17LMC-1.0Alg (41%), 0.17SVC-
0.5Alg (40%), and 0.17LMC-0.5Alg (41%) hydrogels. In our study, the release of GSE from
alginate/callus hydrogels in SIF was lower than that of grape seed proanthocyanidins from
chitosan (91%) [22] and alginate/cellulose (52%) particles [18]. Alginate/callus hydrogels
released GSE in SIF in an amount similar to that of curcumin from alginate/ZnO beads
(42%) [15]. Thus, the designed hydrogels have advantages over other proanthocyanidins
delivery systems because they exhibit a controlled release in gastrointestinal environments.

Sheng et al. [18] also showed that an increase in the release of GSE from alginate
microcapsules with an increase in pH from 2.0 to 10.0 was associated with the replacement
of Ca2+ ions in the alginate hydrogel with Na+ ions from the sodium phosphate buffer. It
has previously been shown that olive leaf polyphenols were released from alginate pectin
beads faster at pH 6.0 than at pH 4.5 [25]. It was shown that the curcumin release from
chitosan–pectin nanoparticles was negligible at pH 1.2, whereas it increased significantly
in the medium with pectinase at pH 6.4 [12]. Curcumin was slightly released in SGF
(pH 2.1) from the alginate/ZnO hydrogels, due to the low swelling ratio, and was rapidly
released in SIF (pH 7.4) due to bead degradation [15]. The repaglinide release from pectin-
alginate beads was higher at pH 6.8 than at pH 1.2, which was associated with swelling
and diffusion processes [38].

The release profiles of GSE from SVC-0.5Alg, LMC-0.5Alg, and LMC-1.0Alg hydrogels
did not depend on the content of cells in the hydrogels (Figure 7a,b,d). At the same time,
the GSE release was dependent on the content of SVC cells in 1.0% alginate hydrogels
(Figure 7c). A negative correlation (R2 = −0.722 − 0.994) was found between the content
of SVC cells in the hydrogels and the amount of released GSE. Thus, there was a decrease
in GSE release with an increase in the content of cells in SVC-1.0Alg hydrogels. This
phenomenon was probably associated with such factors as the larger size of the SVC callus
cells compared to the cells of the LMC callus and the higher concentration of alginate (1.0%).
The high content of large SVC cells in the hydrogel enabled a greater retention of GSE when
compared to hydrogels with a low content of such cells.

3. Conclusions

Alginate hydrogels with immobilized cells of different callus cultures (duckweed and
campion) were produced. Differential scanning calorimetry, thermogravimetric analysis,
Fourier transform infrared spectroscopy, and texture analysis were used to study the physic-
ochemical characteristics of the hydrogels. The inclusion of callus cells in alginate hydrogels
led to a decrease in the porosity, gel strength, adhesiveness, and thermal stability of the
hydrogels compared with the hydrogels based on alginate alone, as well as to an increase
in the encapsulation efficiency. A negative correlation was found between the content of
callus cells in hydrogels and gel strength. The incorporation of LMC cells (0.17 g/mL),
which were smaller, led to the formation of a stronger gel. The FTIR analyses indicated the
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entrapment of GSE in the alginate matrix. Alginate/callus hydrogels had reduced swelling
and the GSE release in the simulated intestinal and colonic fluids, due to their less porous
structure and the retention of GSE in cells. Alginate/callus hydrogels gradually released
GSE in SIF and SCF, indicating a controlled release of GSE in gastrointestinal media. The
faster GSE release in SIF and SCF compared to SGF was due to the reduction in gel strength
and increased swelling. LMC-1.0Alg hydrogels with lower swelling, higher initial gel
strength, and thermal stability released GSE more slowly in SIF and SCF. The GSE release
was dependent on the content of SVC cells in 1.0% alginate hydrogels due to the large size
of SVC cells and the higher concentration of alginate. In this study, we used, for the first
time, an alginate hydrogel with immobilized callus cells as a system for delivering GSE
to the colon. These hydrogels are capable of retaining and gradually releasing GSE in the
gastrointestinal environment. The data obtained show that the addition of callus cells to
the hydrogel provides them with physicochemical and textural properties that are useful
for the development of drug delivery systems in the colon.

4. Materials and Methods
4.1. Materials

Sodium alginate was purchased from AppliChem, Germany. The grape seed extract
(GSE) was obtained from Foodchem International Corporation, China. GSE contained 95%
proanthocyanidins and 7.45% monomers (4.35% catechin and 3.10% epicatechin) according
to data provided by the manufacturer. All other chemicals were of analytical grade. Callus
cultures were taken from the collection of callus cultures of the Institute of Physiology
of the Federal Research Center “Komi Science Center of the Urals Branch of the Russian
Academy of Sciences”.

4.2. Callus Culture Cultivation

Silene vulgaris (Moench) Garcke (Oberna behen (L.) I.) and Lemna minor L. callus cultures
were cultured on the solid modified Murashige and Skoog medium [50] in the darkness at
24 ◦C for 21 days. This medium included sucrose (15 g/L), glucose (15 g/L), agar (8 g/L),
2,4-dichlorophenoxyacetic acid (1.0–1.5 mg/L), and 6-benzylaminopurine (0.5 mg/L).

4.3. Development of Hydrogels and Their Characterization

Hydrogel particles were obtained from sodium alginate (0.5 and 1.0%), cells of cal-
lus cultures of duckweed (LMC) and campion (SVC) (0.17, 0.33, 0.50 g/mL), and GSE
(1.3 mg/mL) in the presence of calcium lactate (1.0%). Sodium alginate (0.5 or 1.0%) was
dissolved in distilled water, then 1 mL of GSE dissolved in ethanol (20 mg/mL) was poured
into it. The final GSE concentration was 1.3 mg/mL. Callus cells of SVC or LMC were
added to the resulting mixture at a concentration of 0.17, 0.33, and 0.50 g/mL and mixed.
Hydrogel particles were obtained by extrusion of a mixture into a cross-linking solution of
calcium lactate (1.0%) using a nozzle (inner diameter of 3.0 mm) and a distance of 5 cm.
Then the hydrogels were exposed at 10 ◦C for 4 h and washed three times in distilled water.
Alg0.5 and Alg1.0 particles without callus cells served as controls. Hydrogel particles
formulations are shown in Table 1.

Projection equivalent diameter (diameter of circle with equivalent area) was measured
for twenty wet particles of each sample. An optical microscope (Altami, Saint Petersburg,
Russia) with a camera and an image analysis program (ImageJ 1.46r program, National In-
stitutes of Health, Bethesda, Maryland, USA) were used to determine the particle diameter.

Micrographs of the surface morphology of freeze-dried GSE-loaded Ca-alginate and
Alg1.0/callus gel particles were obtained using a scanning electron microscope (SEM)
(Tescan Vega3 SBU, Brno, Czechia) at 20 kV and magnifications of 63× (scale bar 500 µm)
and 948× (scale bar 50 µm).

The specific surface area, volume, and radius of pores of dry particles were mea-
sured by the low-temperature physical sorption of nitrogen using a Nova 1200e device
(Quantachrome Instruments, Boynton Beach, USA). Before analysis, the hydrogels were
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freeze-dried using a Beta 2–8 LD plus (Martin Christ, Osterode am Harz, Germany) at the
pressure of 0.021 mbar and the ice condenser temperature of −55 ◦C.

4.4. FTIR of GSE-Loaded Ca-Alginate and Alginate/Callus Particles

The FTIR spectra of GSE-loaded Ca-alginate (Alg1.0) and alginate/callus (0.17SVC-
1.0Alg and 0.17LMC-1.0Alg) dry gel particles, and GSE were obtained using a FTIR spec-
trophotometer InfraLUM FT-08 (Lumex, Saint Petersburg, Russia). Before FTIR analysis,
the hydrogels were freeze-dried using a Beta 2-8 LD plus (Martin Christ, Osterode am Harz,
Germany). Each spectrum was the result of 20 scans and was obtained at 4000–400 cm−1

and a resolution of 4 cm−1.

4.5. The DSC and TGA Analysis

DSC and TGA analyzes of GSE-loaded Ca-alginate and alginate/callus dry gel particles
were performed using a TGA/DSC3+ (Mettler Toledo, Greifensee, Switzerland). Before
thermal analysis, the hydrogels were freeze-dried using a Beta 2–8 LD plus (Martin Christ,
Osterode am Harz, Germany). Each sample (6–15 mg) was placed in a cuvette, and then
heated at 25–600 ◦C (a heating rate of 10 ◦C/min).

4.6. Texture Analysis

The strength, work, adhesiveness, and elasticity of the hydrogels were measured
on a Texture Analyzer (TA-XT Plus, Texture Technologies Corp., Stable Micro Systems,
Godalming, UK). To assess the textural characteristics of wet hydrogels, the hydrogel
particles were punctured using a P/2 probe. The probe movement speed was 1.0 mm/s.
Each test was carried out for 15 particles. The gel strength, work, and elasticity of GSE-
loaded hydrogels were determined using a Texture Exponent 6.1.4.0 software (Stable Micro
Systems, Godalming, UK).

4.7. Swelling Study of Alginate Hydrogels with Immobilized Callus Cells

The wet hydrogel particles were exposed subsequently in simulated gastric fluid (SGF,
pH 1.25) for 2 h, intestinal fluid (SIF, pH 7.0) for 4 h, and colonic fluid (SCF, pH 6.8 + pectinase)
for 18 h. The SGF, SIF, and SCF were manufactured in accordance with [51,52] with
modifications [53].

The wet hydrogel particles (1.2 g) were placed in swelling fluid (10 mL) and shaken at
37 ◦C and 100 rpm using an orbital shaker incubator (Titramax 1000, Heidolph, Schwabach,
Germany). The particles were periodically collected and weighed. Excess moisture was
soaked with filter paper and the particles were immediately weighed on an analytical bal-
ance. The swelling ratio (SR) of the particles was calculated using the following formula [43]:
SR = Wt/W0, where Wt is the weight of the particles after a determined incubation time in
the fluid and W0 is the initial weight.

4.8. Calculation of Encapsulation Efficiency

The encapsulation efficiency was determined at 280 nm using a UV spectropho-
tometer (SEF-103, Akvilon, Moscow, Russia). The measurements were carried out in
triplicate. The encapsulation efficiency (EE) was determined according to the equation:
EE% = [(Qt − Qr)/Qt] × 100, where Qt is the amount of initial GSE and Qr is the sum of the
amount of GSE recovered in the aqueous solution after filtration and washing of particles.

4.9. The GSE Release In Vitro

The wet particles of each type (1.2 g) were sequentially incubated in 10 mL of solutions
of SGF, SIF, and SCF for 2, 4, and 18 h, respectively. The samples were exposed at 37 ◦C
and 100 rpm on a shaker (Titramax 1000, Heidolph, Schwabach, Germany). To study the
GSE release from hydrocolloids, the aliquots were withdrawn at regular intervals and the
absorbance was measured at 280 nm. To maintain a constant volume, measured aliquots
were returned immediately. The experiments were performed three times.
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4.10. Statistical Analysis

The mean ± standard deviation (S.D.) was used to present the results. The significance
of differences between the two means was determined using Student’s t-test. At the same
time, p < 0.05 was considered significant. Correlation analysis was performed to reveal the
relationship between the studied characteristics of hydrogels. Statistica 10.0 software (Stat-
Soft, Inc., Tulsa, OK, USA) and Excel Microsoft 2016 were used for statistical calculations.
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