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Abstract: Hydrogels are highly hydrophilic polymers that have been used in a wide range of appli-
cations. In this study, we prepared PVA–CS/SA–Ca2+ core–shell hydrogels with bilayer space by
cross-linking PVA and CS to form a core structure and chelating SA and Ca2+ to form a shell structure
to achieve multiple substance loading and multifunctional expression. The morphology and structure
of core–shell hydrogels were characterized by scanning electron microscopy (SEM) and Fourier
transform infrared spectroscopy (FTIR). The factors affecting the swelling properties of the hydrogel
were studied. The results show that the PVA–CS/SA–Ca2+ hydrogel has obvious core and shell
structures. The SA concentration and SA/Ca2+ cross-linking time show a positive correlation with the
thickness of the shell structure; the PVA/CS mass ratio affects the structural characteristics of the core
structure; and a higher CS content indicates the more obvious three-dimensional network structure of
the hydrogel. The optimal experimental conditions for the swelling degree of the core–shell hydrogel
were an SA concentration of 5%; an SA/Ca2+ cross-linking time of 90 min; a PVA/CS mass ratio of
1:0.7; and a maximum swelling degree of 50 g/g.

Keywords: core–shell structure; hydrogel; double load; response surface

1. Introduction

Hydrogels are a class of hydrophilic polymers with a three-dimensional network
structure formed by cross-linking with the action of covalent and hydrogen bonds [1–3],
which have a large specific surface area [4], high carrier strength [5], controllability [6] and a
wide range of physicochemical adjustability [7,8]. Since the 1960s, when the Czech scholar
Wichterle first produced poly (2-hydroxyethyl methacrylate) hydrogels [9], hydrogels
have been widely used in medicine, engineering, agriculture, forestry, environmental
protection and the information industry due to their good biocompatibility, sensitivity to
environmental changes and superb molecular designability [10–15].

Hydrogel is a material similar to the tissue of living organisms, which has a wide
range of medical applications because of its excellent biological properties. It can both
encapsulate drugs for slow release into the body and load dressings for contact with tissue
wounds [16]. High-strength composite hydrogels can also be used as scaffold materials [17].
The high hydrophilicity of hydrogel can hold a large amount of water, play the role of
water retention and drought prevention and promote the growth of crops and forests [18];
hydrogel has a strong adsorption effect and can adsorb heavy metals and pollutants in the
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soil [19]; hydrogel can also remove a wide range of aqueous pollutants containing toxic dyes
and organic pollutants [20,21]. With the development of artificial intelligence, hydrogel
strain sensors can be produced, which have enabled the extensive development of flexible
wearable devices [22]. Due to its own properties, hydrogel can take on important roles. In
addition, it can respond to changes in the external environment, for example, when factors
such as temperature and humidity, pH and light intensity change, the three-dimensional
network structure of the hydrogel will also change in response, which is why hydrogels are
also known as smart polymers [23]. In addition, the composite of hydrogel and different
media will expand its application areas, for example, the introduction of hydrogel into
conductive media can produce conductive hydrogel [24].

The properties of hydrogels are determined by the polymer network structure. Single-
material hydrogels are isotropic in terms of microstructure and macroscopic properties,
lacking an ordered structure, and have poor mechanical properties, which in turn limit
their application in some fields. A double network structure is usually used to solve the
mechanical property problem, and a biocompatible material is used to solve the problem of
poor biocompatibility. Double network hydrogels usually contain two kinds of networks:
one is rigid, which is easy to break and can increase the tensile stress of the hydrogel by
dissipating energy; and the other is flexible, which can increase the tensile strain of the
hydrogel [25,26]. The polyvinyl alcohol (PVA) hydrogel is a class of highly hydrophilic, non-
toxic, degradable elastomeric materials with good film formation and chemical stability,
but a single PVA hydrogel is prone to swelling and adhesion and poor stability. Chitosan
(CS) has good biocompatibility and tunability, but the intermolecular hydrogen bonding
force is strong, and when it is solely used to prepare hydrogels, the products suffer from
disadvantages such as their brittleness and poor mechanical properties. The cross-linking
of PVA material with CS can make up for the deficiencies of both materials [27]. Sodium
alginate (SA) is a green biomass sodium salt with strong affinity to dyes and metal ions
because of its abundant hydroxyl and carboxyl groups, but the mechanical strength of a sin-
gle SA hydrogel is weak, while cross-linking with Ca2+ through chelation can significantly
enhance the stability of the structure [28].

Previous studies of hydrogels have shown them to be versatile but only able to perform
a specific function. In this study, we propose to use polyvinyl alcohol (PVA) and chitosan
(CS) to build the core of the hydrogel, and sodium alginate (SA) and Ca2+ to construct the
shell, forming a core–shell structure with a bilayer space that does not affect each part of the
structure in order to achieve the purpose of loading two substances, so that one hydrogel
can achieve two different functions.

2. Experimental Method
2.1. Raw Materials and Reagents

Polyvinyl alcohol (PVA) was purchased from Sinopharm Group Chemical Reagent
Co., (Shanghai, China, AR); chitosan (CS) and sodium alginate (SA) were purchased from
Chengdu Kelong Chemical Reagent Factory, (Chengdu, China, AR); calcium chloride was
purchased from Tianjin Tianli Chemical Reagent Co., (Tianjin, China, AR); citric acid was
purchased from Tianjin Comio Chemical Reagent Co., (Tianjin, China, AR); dipotassium
hydrogen phosphate was purchased from Tianjin Chemical Reagent Factory, (Tianjin, China,
AR); sodium dihydrogen phosphate was purchased from Tianjin Fuchen Chemical Reagent
Factory, (Tianjin, China, AR); and D-(+)-gluconic acid delta-lactone was purchased from
Shanghai Maclean Biochemical Co., (Shanghai, China, AR).

Centrifuge (80-1), Shanghai Pudong Physical Optical Instrument Factory (Shanghai,
China); freeze dryer (LGJ-10), Beijing Songyuan Huaxing Technology Development Co.
(Beijing, China); scanning electron microscope (FEI Q45), FEI Inc. (Hillsboro, OR, USA);
X-ray photoelectron spectroscopy (Vario EL III), Kratos Analytical Ltd. (Manchester, UK);
Fourier transform infrared spectroscopy (VECTOR-22), Bruker Co. (Karlsruhe, Germany).
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2.2. Preparation of PVA–CS/SA–Ca2+ Core–Shell Hydrogels

A PVA solution with a mass fraction of 10% was prepared by dissolving 1 g of PVA
in 10 mL of distilled water and mechanically stirring at 120 rpm for 2 h in a water bath
at 90 ◦C. Subsequently, 0.4 g of CS and citric acid were dispersed in 10 mL of distilled
water at 20 ◦C and mechanically stirred at 120 rpm for 4 h to obtain a CS suspension with
a mass fraction of 4%. Then, different volumes of CS suspension were added to the PVA
solution and mechanically stirred at 180 rpm for 1 h at 60 ◦C. Moreover, 1 g of CaCl2 and
1 g of gluconolactone were added to the reaction system and stirred for 30 min before
1 mL of different concentrations of SA solution was pipetted into the above mixed solution
and left for different times to form hydrogels. The obtained hydrogels were referred to
as PVA–CS/SA–Ca2+ core–shell hydrogels. Finally, the dried core–shell hydrogels were
obtained by cyclic freeze–thawing 3 times and then washed several times with distilled
water and vacuum freeze-dried and stored in a drying tower for use, as shown in Figure 1.
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Figure 1. Preparation of PVA–CS/SA–Ca2+ core–shell hydrogel.

The amounts of CS, SA and SA/Ca2+ cross-linking time used to prepare the hydrogels
are listed in Table 1.

Table 1. Reaction conditions of PVA–CS/SA–Ca2+ core–shell hydrogels.

Sample PVA/mL CS/mL SA/% SA/Ca2+ Cross-Linking
Time/min

1 10 20 4 30
2 10 20 4 60
3 10 20 4 90
4 10 20 2 30
5 10 20 6 30
6 10 15 4 30
7 10 25 4 30

2.3. Structural Characterization and Performance Testing of PVA–CS/SA–Ca2+

Core–Shell Hydrogels

2.3.1. Microscopic Morphology of PVA–CS/SA–Ca2+ Core–Shell Hydrogels (SEM)

The core–shell structure of the freeze–thawed core–shell hydrogel was separated and
freeze-dried under vacuum, after which it was cut into thin slices with a thickness of
0.5 mm and sprayed with gold at a test voltage of 25 kV to a thickness of 10 nm. The
microscopic morphology of the dried core–shell samples was observed using an FEI Q45
scanning electron microscope.
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2.3.2. Structure of PVA–CS/SA–Ca2+ Core–Shell Hydrogels (FTIR)

The core–shell structure of the core–shell hydrogel after vacuum drying for 24 h was
characterized by using a VECTOR-22 Fourier transform infrared spectrometer with a set
wavelength range of 500~4000 cm−1 and 32 scans.

2.3.3. Swelling Properties of PVA–CS/SA–Ca2+ Core–Shell Hydrogels

The effects of SA concentration, SA and Ca2+ cross-linking time and PVA/CS mass
ratio on the swelling of PVA–CS/SA–Ca2+ core–shell hydrogels were investigated to de-
termine the range of each parameter and to provide a basis for optimizing the process
parameters for the swelling of core–shell hydrogels. The freeze-dried core–shell hydrogels
were weighed (W0), added to 7 mL of disodium hydrogen phosphate at a concentration
of 1/15 mol/L and 3 mL of potassium dihydrogen phosphate buffer at a concentration of
1/15 mol/L, and left to absorb water at 25 ◦C, removed at intervals of 20 min, dried on
moist filter paper and precisely weighed (Wt)—all of which was repeated several times
until the swelling equilibrium was reached, and the experiments were conducted in parallel
nine times. The swelling degree (SR) of the core–shell hydrogel was calculated according
to the following equation [29]:

SR =
Wt − W0

W0

where W0 and Wt are the initial dry weight (g) and the mass (g) of the sample at t min of
water absorption, respectively; SR (g/g) is the swelling degree of hydrogel.

2.4. Statistical Analysis

The statistical analyses were performed by the SPSS computer program (SPSS Statistic
20.0) software using one-way analysis of variance (ANOVA). Values were presented as
means ± standard deviations (SD) of triplicate determinations. Statistical significance was
set at p < 0.05.

3. Results and Analysis

3.1. Microscopic Morphology of PVA–CS/SA–Ca2+ Core–Shell Hydrogels

The SEM photographs of PVA–CS/SA–Ca2+ core–shell hydrogel is shown in Figure 2.
The surface of the hydrogel is rough with many folds, which can provide a larger surface
area. Here, A is a cross-sectional view of the core–shell structure, and B and C are the
core and shell structures, respectively. The core structure of the hydrogel is a relatively
loose and three-dimensional network structure with more pores, and the shell structure is
relatively compact with fewer pores, which is mainly because the network structure formed
by the cross-linking of PVA and CS molecular chains is looser, while the chelating force of
SA and Ca2+ is strong and the chelating rings formed are tightly connected, so the shell
structure formed is denser. As shown in Figure 2D–F, with the increase in cross-linking
time, the shell wall of the core–shell hydrogel becomes thicker and the pore structure
increases, which indicates that with the increase in cross-linking time, the reaction between
SA and Ca2+ will be more complete and the three-dimensional structure will be more
stereoscopic and stable. In Figure 2G–I, the hydrogel shell walls become thicker and denser
with the increasing SA concentration, which indicates that the increase in SA concentration
makes more SA coordination atoms form chelate rings with Ca2+ and occupy the pores
of the 3D network structure. As shown in Figure 2J–L, the three-dimensional network
structure of the hydrogel core structure becomes more and more significant as the PVA/CS
mass ratio decreases. These results indicate that the SA/Ca2+ cross-linking time and SA
concentration have a strong influence on the shell structure of hydrogels, and a longer
cross-linking time means a larger SA concentration, a thicker hydrogel shell wall and a
more stable structure; the PVA/CS mass ratio can regulate the spatial conformation of the
hydrogel nuclear structure. The structure of the hydrogel determines its properties, and the
properties determine its usage, so a different PVA/CS mass ratio, SA/Ca2+ cross-linking
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time and SA concentration can be set according to the different usage of core–shell hydrogel
to achieve the purpose of controlling the core–shell structure of hydrogel.
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Figure 2. SEM photograph of PVA–CS/SA–Ca2+ core–shell hydrogel ((A–C) are core–shell hydrogels
with 4% SA, PVA/CS = 1:0.8, and SA/Ca2+ cross-linking time of 30 min; (D–F) are core–shell
hydrogels with 4% SA, PVA/CS = 1:0.8, and SA/Ca2+ cross-linking time of 30 min, 60 min and
90 min; (G–I) are core–shell hydrogels with PVA/CS = 1:0.8, SA/Ca2+ cross-linking time of 30 min,
and SA concentrations of 2%, 4% and 6%, respectively; (J–L) are core–shell hydrogels with 4% SA,
SA/Ca2+ cross-linking time of 30 min, and PVA/CS of 1:0.6, 1:0.8 and 1:1).

3.2. Structure of Core–Shell Hydrogel

Figure 3 shows the FTIR spectra of the PVA–CS/SA–Ca2+ core–shell hydrogel (4% SA,
SA/Ca2+ cross-linking time 30 min, PVA/CS = 1:0.6) and its raw materials. In Figure 3a,
3500 cm−1 shows the superposition peaks of the amino (-NH) and hydroxyl (-OH) groups
of CS, 1360 cm−1, 1090 cm−1 and 650 cm−1 which show the out-of-plane bending vibration
absorption peaks of carbon and nitrogen bonds (C–N), ether groups (C–O–C) and N–H of
CS, respectively, and 1680 cm−1 and 1590 cm−1, which show the characteristic absorption
peaks of the undeacylated carbonyl group of CS (C=O) characteristic absorption peaks.
Additionally, 3300 cm−1, 1680 cm−1, 1400 cm−1 and 1100 cm−1 are the absorption peaks
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of -OH, unpolymerized carbon–carbon double bond (–C=C–), alkyl and carbon–oxygen
single bond (C–O) of PVA, respectively. Compared with the spectra of CS and PVA, no new
characteristic peaks appear in PVA/CS, except that the peaks of -NH and –OH of CS at
3500 cm−1 are shifted to 3490 cm−1, indicating that there is no chemical reaction between
PVA and CS, but a hydrogen bond cross-linking between –NH or –OH of CS and –OH of
PVA. In addition, the C=O absorption peaks of CS at 1680 cm−1 and 1540 cm−1 were shifted
to 1700 cm−1 and 1620 cm−1, respectively, and the intensity of the peaks also significantly
increased, which might be due to the reaction between the core and shell structures of the
hydrogel and the introduction of the carboxyl group of SA.
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Figure 3. FTIR spectra of PVA–CS/SA–Ca2+ core–shell hydrogel and its raw materials: (a) shows the
FTIR spectra of PVA/CS nuclear structure and its raw materials PVA and CS; (b) shows the FTIR
spectra of SA/Ca2+ shell structure and its raw material SA.

In Figure 3b, the absorption peaks of SA are O–H, C–O, and C–O–C at 3200 cm−1,
1270 cm−1 and 1100 cm−1, respectively, and the absorption peaks of C=O and -OH are at
1700 cm−1, 1640 cm−1 and 1480 cm−1, respectively. The -OH peak of SA in the SA/Ca2+

shell structure has a narrowed peak shape and weakened intensity, while the C=O peaks
changed and shifted, mainly due to the chelation of SA –OH and –COOH with Ca2+ to
form the shell structure. The absorption peaks at 1520 cm−1 and 663 cm−1 were the same
as those at 1360 cm−1 (C–N) and 650 cm−1 (N–H) in Figure 3a, respectively, indicating
that the core and shell structures of the hydrogel were cross-linked through the hydrogen
bonding between the CS amino group and the SA carboxyl group, which confirmed the
above suspicion.

3.3. Swelling Properties of PVA–CS/SA–Ca2+ Core–Shell Hydrogels
3.3.1. Single Factor Screening for Swelling Performance

(1) The effect of SA concentration.

Figure 4 shows the variation graphs of the swelling degree of PVA–CS/SA–Ca2+ core–
shell hydrogels at different SA concentrations. The maximum swelling of the core–shell
hydrogels with different SA concentrations differed slightly, but the equilibrium swelling
time was significantly different, showing a significant increase with the increase in SA
concentration, indicating that the increase in SA concentration reduces the water absorption
efficiency of hydrogels. Combined with the results of SEM observation (Figure 2G–I), the
increase in SA concentration increases the cross-linkage with Ca2+, which leads to a thicker
shell wall and denser structure, and decreases the pore area, rendering it difficult for water
to enter the hydrogel, and the equilibrium swelling time increases.
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(2) Effect of SA/Ca2+ cross-linking time.

Figure 5 shows the variation curves of the swelling degree of the core–shell hydrogel
under different cross-linking times of SA/Ca2+. The final equilibrium swelling of the core–
shell hydrogel was basically the same at approximately 30 ± 1.4 g/g for different cross-
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Polymers 2022, 14, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 4. Effect of SA concentration on the swelling degree of PVA–CS/SA–Ca2+ core–shell hydro-
gel. 

(2) Effect of SA/Ca2+ cross-linking time. 
Figure 5 shows the variation curves of the swelling degree of the core–shell hydrogel 

under different cross-linking times of SA/Ca2+. The final equilibrium swelling of the core–
shell hydrogel was basically the same at approximately 30 ± 1.4 g/g for different cross-
linking times in the figure, but the equilibrium swelling time became longer and longer 
with the increase in cross-linking time, which was similar to the effect of SA concentration 
on the swelling of the core–shell hydrogel. This is because the cross-linking time of 
SA/Ca2+ affects the wall thickness of the core–shell hydrogel, and a longer cross-linking 
time means a thicker hydrogel shell wall, leading to an increasingly longer swelling time. 

 
Figure 5. Effect of SA/Ca2+ cross-linking time on the swelling degree of PVA–CS/SA–Ca2+ core–shell 
hydrogel. 

(3) Effect of PVA/CS ratio. 
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hydrogel.

(3) Effect of PVA/CS ratio.

Figure 6 shows the variation curves of the swelling degree of PVA–CS/SA–Ca2+ core–
shell hydrogels with different PVA/CS mass ratios. With the increase in CS content, the
swelling degree of the core–shell hydrogel shows a trend of increasing and then decreasing.
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When the PVA/CS mass ratio is 1:0.8, the swelling of the hydrogel is the largest, reaching
32 ± 1.4 g/g. This is due to the strong hydrogen bonding in CS, which can cross-link with
PVA to form a more stable three-dimensional network skeleton when the content increases,
which can also be reflected by the SEM results (Figure 2J–L). At the same time, CS contains
many hydrophilic functional hydroxyl and carboxyl groups, which improve the water
absorption of hydrogel. However, when the CS content is excessive, the three-dimensional
network structure formed by cross-linking will be more compact, which reduces the surface
pore space and affects the entry of water molecules.
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3.3.2. Response Surface Analysis

From Section 3.3.1, it can be concluded that the SA concentration, SA/Ca2+ cross-
linking time and the PVA/CS mass ratio all affect the maximum swelling of PVA–CS/SA–
Ca2+ core–shell hydrogels as well as the equilibrium swelling time; so in order to further
investigate the magnitude of the effect of the three factors on the swelling of the core–shell
hydrogels and the optimal conditions for the swelling of core–shell hydrogels, a response
surface analysis was performed. The response surface analysis was performed.

(1) Response modeling.

Based on the experiments with the PVA–CS/SA–Ca2+ core–shell hydrogel swelling
degree as the one-way variable method combined with the Box–Behnken central combina-
tion test design principle, the SA concentration (A), SA/Ca2+ cross-linking time (B) and
PVA/CS mass ratio (C) were selected as independent variables and the swelling degree of
core–shell hydrogel as the response value, and Table 2 shows the experimental factor levels.

Table 2. Factors and levels for Box–Behnken design.

Level SA Concentration SA/Ca2+

Cross-Linking Time
PVA/CS

1 5 60 1:0.7
2 6 90 1:0.8
3 7 120 1:0.9

(2) Model significance and response surface analysis.

Using Design Expert 10 software to optimize the experimental design and processing
of the swelling degree of the core–shell hydrogel, according to the optimized results, the
influence of the constant term, linear term, interaction term and square term on the swelling



Polymers 2022, 14, 212 9 of 13

degree of the hydrogel can be obtained, and the analysis of the experimental results is
quadratically fitted to obtain the quadratic multinomial regression equation between the
swelling degree of the core–shell hydrogel (response value SR) and each influencing factor:

SR = −301.834 − 54.867 × A − 1.62499 × B+ 970.199 × C + 0.313121 × A × B + 15.5803 × A × B − 0.130687 × A ×
C + 0.237412 × A2 − 0.00146488 × B2 − 425.35 × C2

Table 3 shows the ANOVA results of the quadratic regression model, from which it
can be seen that the effect of the model on the swelling degree of the core–shell hydrogel is
highly significant (p < 0.01), and the experimental and predicted values are highly correlated
(R2 = 0.9810, R2

adj = 0.9566), indicating that the model fits well experimentally and can be
used to predict the optimal conditions for the swelling degree of the core–shell hydrogel.
The degree of influence of each factor on the swelling degree of the core–shell hydrogel
was inferred from the magnitude of F value as: SA/Ca2+ cross-linking time (B) > PVA/CS
mass ratio (C) > SA concentration (A). The primary terms A, B, C, interaction term AC and
secondary term C2 of this model were significant (p < 0.05), and the interaction term BC
reached a highly significant level (p < 0.01), indicating that the swelling of the core–shell
hydrogels increased with the increase in SA concentration and SA/Ca2+ cross-linking time.

Table 3. Analysis of variance for quadric regression model.

Variation
Source

Sum of
Squares Freedom Mean

Square
F

Value p Value Significance

Model 1414.60 9 157.18 40.20 <0.0001 **
A 131.263 1 131.23 33.56 0.0007 **
B 222.81 1 222.81 56.98 0.0001 **
C 166.01 1 166.01 42.45 0.0003 **

AB 352.96 1 352.96 0.40 0.5460
AC 24.86 1 24.86 6.36 0.0397 *
BC 1.57 1 1.57 90.26 <0.0001 **
A2 0.24 1 0.24 0.061 0.8125
B2 7.32 1 7.32 1.87 0.2136
C2 499.24 1 499.24 127.67 <0.0001 **

Residual 27.37 7 3.91
Spurious term 27.37 3 9.12

Pure error 0.00 4 0.00
Total value 1441.98 16

Model
determination

coefficient
R2 = 0.9810

Model
adjustment

determination
Coefficient

R2
adj = 0.9566

Note: ** indicates highly significant (p < 0.01); * indicates significant (p < 0.05).

Figure 7 shows the contour (a) and three-dimensional plot (b) of the interaction
between SA concentration and SA/Ca2+ cross-linking time on the swelling degree of
response values. From Figure 7a, it can be seen that the response surface is relatively flat
and the contours are approximately circular, and the changes of hydrogel swelling are not
obvious with the increase in cross-linking time when the SA concentration is at low and
high values. This indicates that the interaction between SA concentration and SA/Ca2+

cross-linking time is not significant. Figure 8 shows the contour (a) and 3D plot (b) of the
interaction between SA concentration and PVA/CS mass ratio on the swelling degree of
the response value. The contour in Figure 8a is elliptical, and the swelling degree increases
and then decreases with the increase in PVA/CS mass ratio when the SA concentration
is at low and high values. This indicates that the interaction between SA concentration
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and PVA/CS mass ratio is more significant. Figure 9 shows the contour (a) and 3D plot
(b) of the interaction between the SA/Ca2+ cross-linking time and the PVA/CS mass ratio
on the swelling degree of the response value, the contour in Figure 9a is elliptical, and the
swelling degree increases and then decreases with the increase in PVA/CS mass ratio when
the cross-linking time is at low and high values. This indicates that the interaction of the
cross-linking time and PVA/CS mass ratio has a significant effect on the swelling degree.
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(3) Prediction of optimal experimental conditions for swelling degree.

We can see from the predicted results that the optimal experimental conditions for the
core–shell hydrogel are an SA concentration of 5%, SA/Ca2+ cross-linking time of 90 min,
and PVA/CS mass ratio of 1:0.7, when the maximum swelling degree can be obtained,
which is approximately 50 g/g. To verify this conclusion, we conducted experimental mea-
surements of the swelling degree under these experimental conditions, and the maximum
swelling degree results obtained were 49 ± 1.2 g/g, which is in general agreement with the
predicted results.

4. Discussions
4.1. Swelling Properties of Hydrogels

PVA and SA are commonly used cross-linking materials for hydrogels, and a large
number of different types of hydrogels have been explored by previous studies for the
preparation and swelling performance testing. The maximum swelling of CS/PVA hy-
drogels prepared by Luo et al. was approximately 20 g/g [30]; the maximum swelling of
sodium alginate/polyvinyl alcohol (SA/PVA) hydrogels prepared by Ji et al. using the
freeze–thaw method was approximately 10 g/g, and it could be increased to approximately
20 g/g when calcium alginate/polyvinyl alcohol (CA/PVA) was prepared using the Ca2+

release method and the freeze–thaw cycling method [31]. Polymalic acid is the only kind of
high molecular polymer that contains a fat bond and can be quickly hydrolyzed, and the
hydrolysis product is malic acid monomer, which can be degraded in the tricarboxylic acid
cycle. The hydrogel prepared with PVA reaches a swelling equilibrium after 24 h water
absorption, and the maximum swelling degree is approximately 10.5 g/g [32]. In addition,
environmental factors also affect the swelling properties of hydrogels. The maximum
swelling rate of sodium alginate/graphene oxide hydrogels prepared by Zhuang et al. was
approximately 15 g/g under neutral conditions, but the maximum swelling rate can grow
to 35 g/g when adjusting the pH to 13 [33]; Hülya found in his study that temperature
affects the swelling of hydrogels, and the swelling rate is at its highest at 40 ◦C [34].

The swelling property is one of the most important parameters for evaluating the
structure of hydrogels, and a high swelling degree reduces the stability and mechanical
strength of hydrogels. In general, hydrogels that can be used repeatedly tend to limit the
maximum swelling degree, except for disposable products such as diapers and hemostats
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that can be used with high swelling degree hydrogels. The mechanical strength of hydrogels
depends on the cross-linking density, so the appropriate cross-linking conditions can be
selected according to specific needs.

4.2. Dual Loading Function of PVA–CS/SA–Ca2+ Core–Shell Hydrogels

The main objective of this study was to construct the core–shell structure of hydrogel
for the purpose of loading two substances for multifunctional expression. After preparing
the core–shell hydrogel, in order to verify the dual loading function of the hydrogel, we
added degradation bacteria in the core structure and photocatalyst in the shell structure,
taking methylene blue (MB) as the research object, and analyzed the degradation of MB.
The results showed that MB was first degraded by the degradation bacteria after entering
the hydrogel, and the color of the solution becomes lighter. When the light is irradiated
through the solution to the hydrogel, MB was further degraded by the photocatalyst.
The core–shell hydrogel showed a gradual degradation function, which indicates that the
core–shell hydrogel can achieve multi-functional expression.

5. Conclusions

(1) The PVA–CS/SA–Ca2+ hydrogels have obvious nucleation and shell structures as
observed by SEM. The SA concentration and SA/Ca2+ cross-linking time are positively
correlated with the thickness of the shell structure; the PVA/CS mass ratio affects the
structural characteristics of the nucleation structure, and a higher CS content means a
more obvious three-dimensional network of the hydrogels’ structure.

(2) The optimal experimental conditions for the swelling of the core–shell hydrogels were
obtained by single-factor screening and surface response analysis, which were an SA
concentration of 5%, SA/Ca2+ cross-linking time of 90 min, PVA/CS mass ratio of
1:0.7 and maximum swelling of 50 g/g.
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15. Gajewski, P.; Lewandowska, A.; Szcześniak, K.; Przesławski, G.; Marcinkowska, A. Optimization of the Properties of Photocured

Hydrogels for Use in Electrochemical Capacitors. Polymers 2021, 13, 3495. [CrossRef] [PubMed]
16. Hoffman, A.S. Hydrogels for biomedical applications. Adv. Drug Deliv. Rev. 2012, 64, 18–23. [CrossRef]
17. Zhang, Y.S.; Khademhosseini, A. Advances in engineering hydrogels. Science 2017, 356, 6337. [CrossRef] [PubMed]
18. Giweta, M.; Garedew, E. Hydrogel-A Promising Technology for Optimization of Nutrients and Water in Agricultural and Forest

Ecosystems. Int. J. Environ. Sci. Nat. Resour. 2020, 23, 106–111.
19. Alizadehgiashi, M.; Khuu, N.; Khabibullin, A.; Henry, A.; Tebbe, M.; Suzuki, T.; Kumacheva, E. Nanocolloidal hydrogel for heavy

metal scavenging. ACS Nano 2018, 12, 8160–8168. [CrossRef]
20. Verma, A.; Thakur, S.; Mamba, G.; Gupta, R.K.; Thakur, P.; Thakur, V.K. Graphite modified sodium alginate hydrogel composite

for efficient removal of malachite green dye. Int. J. Biol. Macromol. 2020, 148, 1130–1139. [CrossRef]
21. Dai, L.; Cheng, T.; Xi, X.; Nie, S.; Ke, H.; Liu, Y.; Tong, S.; Chen, Z. A versatile TOCN/CGG self-assembling hydrogel for integrated

wastewater treatment. Cellulose 2020, 27, 915–925. [CrossRef]
22. Xia, S.; Song, S.; Jia, F.; Gao, G. A flexible, adhesive and self-healable hydrogel-based wearable strain sensor for human motion

and physiological signal monitoring. J. Mater. Chem. B 2019, 7, 4638–4648. [CrossRef] [PubMed]
23. Zhao, Q.; Liang, Y.; Ren, L.; Yu, Z.; Zhang, Z.; Ren, L. Bionic intelligent hydrogel actuators with multimodal deformation and

locomotion. Nano Energy 2018, 51, 621–631. [CrossRef]
24. Hu, C.; Zhang, Y.; Wang, X.; Xing, L.; Shi, L.; Ran, R. Stable, strain-sensitive conductive hydrogel with antifreezing capability,

remoldability, and reusability. ACS Appl. Mater. Interfaces 2018, 10, 44000–44010. [CrossRef]
25. Matsuda, T.; Kawakami, R.; Namba, R.; Nakajima, T.; Gong, J.P. Mechanoresponsive self-growing hydrogels inspired by muscle

training. Science 2019, 363, 504–508. [CrossRef]
26. Sharma, B.; Thakur, S.; Mamba, G.; Gupta, R.K.; Gupta, V.K.; Thakur, V.K. Titania modified gum tragacanth based hydrogel

nanocomposite for water remediation. J. Environ. Chem. Eng. 2020, 9, 104608. [CrossRef]
27. Thakur, S.; Sharma, B.; Verma, A.; Chaudhary, J.; Tamulevicius, S.; Thakur, V.K. Recent progress in sodium alginate based

sustainable hydrogels for environmental applications. J. Clean. Prod. 2018, 198, 143–159. [CrossRef]
28. Gao, X.; Guo, C.; Hao, J.; Zhao, Z.; Long, H.; Li, M. Adsorption of heavy metal ions by sodium alginate based adsorbent-a review

and new perspectives. Int. J. Biol. Macromol. 2020, 164, 4423–4434. [CrossRef] [PubMed]
29. Zhang, M.; Wan, Y.; Wen, Y.; Li, C.; Kanwal, A. A novel Poly (vinyl alcohol)/carboxymethyl cellulose/yeast double degradable

hydrogel with yeast foaming and double degradable property. Ecotoxicol. Environ. Saf. 2020, 187, 109765. [CrossRef] [PubMed]
30. Luo, C.; Zhao, Y.; Sun, X.; Hu, B. Developing high strength, antiseptic and swelling-resistant polyvinyl alcohol/chitosan hydrogels

for tissue engineering material. Mater. Lett. 2020, 280, 128499. [CrossRef]
31. Qin, C.; Ou, K.; Dong, X.; Ji, X.; He, J. Preparation and properties of calcium alginate/polyvinyl alcohol hydrogel. J. Mater. Sci.

Eng. 2018, 36, 739–744.
32. Zhang, J.; Chen, D.; Liang, G.; Xu, W.; Tao, Z. Biosynthetic Polymalic Acid as a Delivery Nanoplatform for Translational Cancer

Medicine. Trends Biochem. Sci. 2020, 46, 213–224. [CrossRef]
33. Zhuang, Y.; Yu, F.; Chen, H.; Zheng, J.; Ma, J.; Chen, J. Alginate/graphene double-network nanocomposite hydrogel beads

with low-swelling, enhanced mechanical properties, and enhanced adsorption capacity. J. Mater. Chem. A 2016, 4, 10885–10892.
[CrossRef]

34. Arslan, H.; Pfaff, A.; Lu, Y.; Stepanek, P.; Müller, A.H. Stimuli-R esponsive Spherical Brushes Based on d-G alactopyranose and
2-(Dimethylamino) ethyl Methacrylate. Macromol. Biosci. 2014, 14, 81–91. [CrossRef] [PubMed]

http://doi.org/10.1038/185117a0
http://doi.org/10.1016/j.ijbiomac.2020.09.048
http://doi.org/10.3390/polym12123027
http://doi.org/10.1007/s11696-021-01712-w
http://doi.org/10.1007/s11056-014-9455-3
http://doi.org/10.1016/j.eti.2020.101107
http://doi.org/10.3390/polym13203495
http://www.ncbi.nlm.nih.gov/pubmed/34685254
http://doi.org/10.1016/j.addr.2012.09.010
http://doi.org/10.1126/science.aaf3627
http://www.ncbi.nlm.nih.gov/pubmed/28473537
http://doi.org/10.1021/acsnano.8b03202
http://doi.org/10.1016/j.ijbiomac.2020.01.142
http://doi.org/10.1007/s10570-019-02834-x
http://doi.org/10.1039/C9TB01039D
http://www.ncbi.nlm.nih.gov/pubmed/31364689
http://doi.org/10.1016/j.nanoen.2018.07.025
http://doi.org/10.1021/acsami.8b15287
http://doi.org/10.1126/science.aau9533
http://doi.org/10.1016/j.jece.2020.104608
http://doi.org/10.1016/j.jclepro.2018.06.259
http://doi.org/10.1016/j.ijbiomac.2020.09.046
http://www.ncbi.nlm.nih.gov/pubmed/32931827
http://doi.org/10.1016/j.ecoenv.2019.109765
http://www.ncbi.nlm.nih.gov/pubmed/31670239
http://doi.org/10.1016/j.matlet.2020.128499
http://doi.org/10.1016/j.tibs.2020.09.008
http://doi.org/10.1039/C6TA02738E
http://doi.org/10.1002/mabi.201300290
http://www.ncbi.nlm.nih.gov/pubmed/24106068

	Introduction 
	Experimental Method 
	Raw Materials and Reagents 
	Preparation of PVA–CS/SA–Ca2+ Core–Shell Hydrogels 
	Structural Characterization and Performance Testing of PVA–CS/SA–Ca2+ Core–Shell Hydrogels 
	Microscopic Morphology of PVA–CS/SA–Ca2+ Core–Shell Hydrogels (SEM) 
	Structure of PVA–CS/SA–Ca2+ Core–Shell Hydrogels (FTIR) 
	Swelling Properties of PVA–CS/SA–Ca2+ Core–Shell Hydrogels 

	Statistical Analysis 

	Results and Analysis 
	Microscopic Morphology of PVA–CS/SA–Ca2+ Core–Shell Hydrogels 
	Structure of Core–Shell Hydrogel 
	Swelling Properties of PVA–CS/SA–Ca2+ Core–Shell Hydrogels 
	Single Factor Screening for Swelling Performance 
	Response Surface Analysis 


	Discussions 
	Swelling Properties of Hydrogels 
	Dual Loading Function of PVA–CS/SA–Ca2+ Core–Shell Hydrogels 

	Conclusions 
	References

