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Abstract: The pH-responsive hydrogels were obtained through successive carboxymethylation and
phosphorylase elongatation of phytoglycogen and their structure and functional characterizations
were investigated. Phytoglycogen (PG) was first carboxymethylated to obtain carboxymethyl phyto-
glycogen (CM-PG) with degree of substitution (DS) at 0.15, 0.25, 0.30, and 0.40, respectively. Iodine
staining and X-ray diffraction analysis suggested that the linear glucan chains were successfully
phosphorylase-elongated from the non-reducing ends at the CM-PG surface and assembled into
the double helical segments, leading to formation of the hydrogel. The DS of CM-PG significantly
influenced elongation of glucan chains. Specifically, fewer glucan chains were elongated for CM-
PG with higher DS and the final glucan chains were shorter, resulting in lower gelation rate of
chain-elongated CM-PG and lower firmness of the corresponding hydrogels. Scanning electron
microscope observed that the hydrogels exhibited a porous and interconnected morphology. The
swelling ratio and volume of hydrogels was low at pH 3–5 and then became larger at pH 6–8 due to
electrostatic repulsion resulting from deprotonated carboxymethyl groups. Particularly, the hydrogel
prepared from chain-elongated CM-PG (DS = 0.25) showed the highest sensitivity to pH. These
results suggested that phosphorylase-treated CM-PG formed the pH-responsive hydrogel and that
the elongation degree and the properties of hydrogels depended on the carboxymethylation degree.
Thus, it was inferred that these hydrogels was a potential carrier system of bioactive substances for
their targeted releasing in small intestine.

Keywords: phytoglycogen; pH-responsive hydrogel; chain elongation; structure; characterization

1. Introduction

Hydrogel is composed of hydrophilic polymers that form the three-dimensional
structure through chemical or physical cross-linking, which can absorb and retain a high
percentage of water or biological liquids. Chemical cross-linking usually involves the chem-
ical reaction of complementary groups on natural or synthetic polymers [1,2]. The defects
of this technique include the harsh reaction conditions and the use of toxic reagents. In
addition, the low biodegradability and biocompatibility of hydrogels made from synthetic
polymers, such as poly (N-isopropylacrylamide) and poly (2-hydroxyethylmethacrylate),
has limited their applications in food and biomedicine industry [3]. Physical hydrogels
are formed due to secondary side inter- and intramolecular interaction, such as hydrogen
bonds, electrostatic interactions or hydrophobic interactions, along with physical entangle-
ments of the polymeric chains [4]. By contrast, hydrogels from physical cross-linking of
natural polymers, such as starch and sodium alginate, are environmentally friendly. More-
over, intelligent hydrogels have arose the growing interest for applications in controlled
release of active ingredients, which can undergo reversible volume change in response to
small alterations of external environmental stimuli, such as pH, temperature, magnetic
field, electric field, etc. [5]. Among these intelligent hydrogels, pH-responsive hydrogels
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are usually used to construct the controlled release system of bioactive ingredients in vivo
based on the pH difference of gastrointestinal tract in the human body.

The pH-responsive hydrogels are usually constructed by polyelectrolytes contain-
ing dissociable groups [6]. The charge of these groups differs and thus the hydrogels
absorb different amounts of water at different pHs. For instance, carboxymethyl starch
and carboxymethyl chitosan have been used to construct the pH-responsive hydrogel [7–9].
However, the phytoglycogen-based hydrogel has been rarely reported. Phytoglycogen is
a plant-based carbohydrate polymer that plays an important role in energy storage [10].
In phytoglycogen molecules, there are no long chains connecting individual clusters, an
essential feature of amylopectin molecules [11]. Thus, phytoglycogen is a kind of amor-
phous hyperbranched glucan. It is widely known that the glucan chain with long enough
length in water spontaneously self-assembles and forms the double helix through hydrogen
bonds [12,13]. On the other hand, it was found that effective molecular entanglements
were established in debranched starch owing to the strong hydrogen bonds between linear
short amylose molecules, resulting in a stronger gel network and better resistance to amy-
lase hydrolysis [14,15]. Thus, we speculated that once the chains of phytoglycogen were
elongated, the elongated chains might form the double helixes that acted as cross-linking
points for self-assembling hydrogel. Glycogen phosphorylase catalyzes the reversible phos-
phorolysis of α-(1, 4)-glucans at the non-reducing end, releasing a glucose-1-phosphate
(Glc-1-P) [16]. Through the reversible reaction, α-(1, 4)-D-glucosidic linkages can be formed
by the phosphorylase-catalyzed glycosylation in the presence of excess Glc-1-P [17,18]. To
make this reaction occur, the primer with degree of polymerization (DP) ≥ 4 is required,
and a glucose unit is transferred from Glc-1-P to a non-reducing 4-OH terminus of the
primer [19]. Then the reactions take place successively, leading to formation of α-(1, 4)-
glucan chains. On the other hand, it was found that carboxymethyl phytoglycogen had
different zeta-potentials at different pHs [20], which suggested its sensitivity to pH for the
potential application as the skeleton of the pH-responsive hydrogel. Therefore, this work
aimed to develop pH-responsive hydrogels through combination of carboxymethylation
and phosphorylase elongation of phytoglycogen (Scheme 1) and study the structure and
functional properties.
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Scheme 1. Schematic image for fabrication of pH-responsive hydrogel through combination of
carboxymethylation and phosphorylase elongation of phytoglycogen.

2. Materials and Methods
2.1. Materials

Phytoglycogen (PG) was extracted from sugary-1 maize kernels (Chinese Academy
of Agricultural Sciences, Beijing, China). Glucose-1-phosphate (Glc-1-P) and glycogen
phosphorylase were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
All other analytical-grade chemicals were obtained from Sinopharm Chemical Reagent Co.
(Shanghai, China).

2.2. Preparation of pH-Responsive Hydrogels

Carboxymethyl phytoglycogen (CM-PG) with different degree of substitution (DS) at
0.15, 0.25, 0.30 and 0.40 were prepared as described in the previous study [20]. The PG was
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also considered as CM-PG with DS at 0 for convenience. The CM-PG with different DS
at 0, 0.15, 0.25, 0.30 and 0.40 was dissolved in the phosphate buffer solution (0.01 mol/L,
pH 7.0) to obtain the 8.0% (w/v) solution, and Glc-1-P was added into the solution with
the ratio of CM-PG to Glc-1-P at 1:6. Glycogen phosphorylase (1.4 U/mL, 0.8 mL) was
added and the volume of the final system was adjusted to be 4 mL using the phosphate
buffer solution. The phosphorylase-catalyzed chain elongation occurred in a water bath
at 40 ◦C for 24 h. Subsequently, the reaction mixtures were cooled to room temperature
and allowed to stand at room temperature for 24 h to observe formation of hydrogels. The
hydrogels were named Gel 1, Gel 2, Gel 3, Gel 4 and Gel 5, respectively. The resultant
hydrogels were also dialyzed and lyophilized for further analysis.

2.3. Iodine Staining Analysis

The CM-PG or the lyophilized hydrogels (5 mg) were dispersed in 1 mL deionized
water and 0.5 mL NaOH solution (1.0 mol/L) was added to dissolve the lyophilized
hydrogels. The pH of the solution was adjusted to neutrality by HCl solution (1.0 mol/L)
and the volume of the final system was adjusted to 5 mL with the deionized water. The
sample solution (1 mL) was diluted by 5 times and 0.1 mL of the dilute iodine solution
(0.1% iodine, 1% potassium iodide) was immediately added. After the mixtures stood
for 15 min, the absorption spectra and the maximum absorption wavelength (λmax) were
obtained by scanning in the range from 400 to 800 nm by a UV-Vis spectrophotometer.

2.4. X-ray Diffraction (XRD) Analysis

The crystal structure of samples was determined by an X-ray diffractometer (Bruker
D2, AXS Co. Ltd., Karlsruhe, Germany). The XRD analysis was operated at 40 kV and
200 mA with Cu Kα radiation (λ = 0.1541 nm). The lyophilized gels and CM-PG powders
were measured in a sample dish and scanned at a rate of 0.05◦/s from 2θ 4◦ to 40◦ at the
room temperature.

2.5. Scanning Electron Microscope (SEM) Analysis

The lyophilized hydrogels were fixed on the sample stage, and the cross-section was
treated with a thin gold layer. The surface morphology of the lyophilized hydrogels was
observed in a scanning electron microscope (Quanta-200, FEI Company, Eindhoven, The
Netherlands) at the accelerating voltage of 5.0 kV.

2.6. Assay of Zeta-Potential

The zeta-potential measurement was conducted using a Zetasizer nano ZS (Malvern
Instruments Ltd., Malvern, UK) at room temperature. The lyophilized hydrogels were
completely dissolved in the NaOH solution (1.0 mol/L) and adjusted to different pHs (3–10)
with the HCl solution (1.0 mol/L). The refractive index of the dispersion phase and particle
used were set as 1.33 and 1.53, respectively.

2.7. Swelling Degree and pH-Responsive Behavior

The lyophilized hydrogels (50 mg) were dispersed in 1.0 mL deionized water and
buffer solutions with different pHs. The obtained solutions were kept at room temperature
for 24 h to form the hydrogel. The resultant hydrogels were centrifuged to remove the
supernatant, and the residual moisture on the surface of swollen hydrogels was removed
by the filter paper. The mass of the swollen hydrogel was accurately measured to calculate
the swelling degree. The swelling degree was the mass ratio of swollen hydrogels to the
lyophilized hydrogels. In addition, the lyophilized hydrogels (75 mg) were dispersed in
1.5 mL buffer solutions with different pHs and the hydrogels prepared at different pHs
were photographed.
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2.8. Rheological Properties

The rheological properties were determined using the Discovery HR-3 Rheometer
(TA Instruments, New Castle, DE, USA) with plate geometry (40 mm diameter, gap height
1 mm). The temperature was kept at 25 ◦C using a circulating bath and a controlled peltier
system. Frequency sweep test was performed, in which the frequency and strain were
0.1–100 Hz and 0.1%, respectively. The storage modulus (G′) and loss modulus (G′′) were
calculated from the strain response.

2.9. Mechanical Properties

The mechanical properties of hydrogels were measured by a texture analyzer (TA-
XT2i, Stable Micro Systems Ltd., Godalming, UK) fitted with a cylindrical probe (P5). The
elastic modulus program was used. The test conditions were as follows: the trigger force
before the test at 5 g, the deformation at 40%, the speed before the test at 1 mm/s, the test
speed at 1 mm/s, and the speed after the test at 10 mm/s.

2.10. Statistical Analysis

All data were performed in triplicate and the results were expressed as the mean
values ± standard deviations. Data were analyzed using one-way analysis of variance
(ANOVA) procedure using the Origin 8.0 (Origin Lab Inc., Northampton, MA, USA).
A level of 0.05 was set to determine statistical significance.

3. Results and Discussion
3.1. Iodine Staining Analysis

According to the enzymatic polymerization mechanism of glycogen phosphorylase,
the surface glucan chains of CM-PG would be elongated. Glucan with enough long
length has the ability to complex with iodine, and the resultant complex is colored [21].
Moreover, the λmax and the intensity of the absorption peak are positively correlated with
the average chain length and the glucan content, respectively. Thus, iodine staining analysis
was used to identify enzymatic chain elongation of CM-PG. The λmax of the PG-iodine
complex was 464.5 nm (Figure 1a). After PG was carboxymethylated, the λmax did not
significantly change, but the intensity of the absorption peak decreased as the DS increased,
which suggested that carboxymethyl groups inhibited complexation between glucan and
iodine. However, the λmax of the enzymatically-modified CM-PG-iodine complex was
581.5 nm, 580.0 nm, 578.0 nm, 570.1 nm and 566.0 nm, respectively, when the DS of CM-PG
was 0, 0.15, 0.25, 0.30 and 0.40, respectively (Figure 1b). These results suggested that
treatment by phosphorylase increased the glucan length of CM-PG. Moreover, the λmax
of the enzymatically-modified CM-PG-iodine complex decreased gradually as the DS
increased, which suggested that the average chain length of glucan decreased with the
increasing of DS. In addition, the intensity decreased as the DS increased. Therefore, it was
inferred that the higher DS resulted in less elongation of glucan chains. This was due to
that the non-reducing ends of glucan might be substituted by carboxymethyl groups [20].
As a result, the carboxymethyl groups provided steric hinder for binding of glycogen
phosphorylase on the surface of CM-PG and further elongation of the glucan chain.
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Figure 1. Iodine absorption spectra of (a) CM-PG and (b) hydrogels.

3.2. XRD Analysis

No diffraction peak was observed in the X-ray diffraction pattern of CM-PG (Figure 2a),
which confirmed that CM-PG was amorphous. After the phosphorylase-treatment of
CM-PG, the hydrogels displayed strong diffraction peaks at 14.9◦, 16.9◦, 21.9◦ and 24.1◦

(Figure 2b), which were similar to the typical B-type crystal structure of starch [12,13]. The
B-type crystal indicated that elongated glucan chains on the surface of CM-PG particles
were interconnected and formed the double helix through hydrogen bonds. In summary,
iodine staining and XRD analysis confirmed that glucan chains of the CM-PG molecules
were successfully elongated through the action of glycogen phosphorylase, and elongated
glucan chains formed the double helix. These results were in accordance with the previous
study [22], in which the chain of glycogen was elongated by phosphorylase and then the
elongated chains self-assembled and formed the double helix through hydrogen bonds.
Moreover, enzymatic glucan grafting was successfully performed on chitosan [23,24],
cellulose [25] and carboxymethyl cellulose [26].
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3.3. Formation of the pH-Responsive Hydrogel

As stated above, the enzymatic chain elongation of CM-PG was catalyzed by phos-
phorylase in the phosphate buffer at 40 ◦C for 24 h. When cooled to room temperature and
allowed to stand at that temperature, the resulting solutions turned into hydrogels. It was
speculated that this gelation phenomenon was caused by gradual formation of junction
zones, which were composed of double-helixes formed between the elongated glucan
chains from the different CM-PG molecules. The chain-elongated PG formed the hydrogel
at the fastest speed and the corresponding solution gelled once the ambient temperature
decreased to room temperature (Supplementary Table S1). As the DS increased, the gelation
rate of the corresponding solution slowed down. As stated above, the length of elongated
chains on the surface of CM-PG and their content were negatively correlated with the DS
of CM-PG. Thus, it was inferred that the gelation rate was positively correlated to the chain
length of the elongated chains and their content. The longer chains and higher long chain
contents were favorable for formation of the junction zones, thus accelerating gelation of
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chain-elongated CM-PG. Similarly, debranching starch could result in the stronger hydro-
gel through promoting formation of double helices stabilized by hydrogen bonds [14,15].
On the other hand, deprotonated carboxymethyl groups provided the repulsive force and
steric hindrance for formation of double helix between glucan chains. Thus, higher DS of
CM-PG slowed down gelation of chain-elongated CM-PG. As a result, the gelation rate
was negatively correlated with the DS of chain-elongated CM-PG.

Lyophilziation of hydrogels readily resulted in xerogels with porous morphology
(Figure 3). Gel 1 had a compact three-dimensional network structure. Compared with
Gel 1, Gel 2–5 displayed relatively looser structure and larger pores. That is, as the DS
increased, the porosity of the network structure in the gel was larger, and the cross-linking
was looser. As stated above, carboxymethyl groups distributed on the surface of CM-PG
inhibited enzymatic chain elongation. For this reason, fewer glucan chains on the CM-PG
surface were elongated and the elongated glucan chains were much shorter. Thus, this
result indicated that the hydrogels prepared from chain-elongated CM-PG with higher DS
were composed of looser networks due to the smaller number of junction zones, which was
also in accordance with the effect of DS of CM-PG on the gelation rate. On the other hand,
the repulsive force between deprotonated carboxymethyl groups might also contribute to
the looser structure of hydrogels.
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3.4. Zeta-Potential of Hydrogels at Different pHs

The ζ-potential can be used to characterize the charge at the surface of polymers and
it is a measure of the strength of mutual repulsion between particles. The zeta potential of
all the samples was negative (Figure 4), indicating that all the samples had negative surface
charges. Thus, lower ζ-potential indicated stronger repulsion herein. Carboxymethyl
groups contributed to the surface negative charge of Gel 2–5. Therefore, Gel 1 had the
highest ζ-potential and the pH had no significant influence on the ζ-potential of Gel 1
due to lack of carboxymethyl groups. However, the ζ-potential of Gel 2–5 significantly
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decreased when the pH changed from 3.0 to 7.0. This was due to that carboxymethyl
groups were gradually deprotonated. Afterward, when the pH increased from 7.0 to 10.0,
the ζ-potential did not significantly alter, which suggested that carboxymethyl groups were
completely deprotonated at pH 7.0. At any pH, the ζ-potential of Gel 2–5 was negatively
correlated with the DS due to more carboxymethyl groups. Accordingly, the ζ-potential
of the hydrogel with the higher DS might be more sensitive to the change of pH. These
results suggested that Gel 2–5 might be pH-responsive, while Gel 1 was not due to lack of
pH-responsive carboxymethyl groups.
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3.5. Swelling Degree and pH-Responsive Behavior

The swelling degree is an important parameter of hydrogels, which is influenced
by both the cross-linking density and the intermolecular interaction between water and
polymer segments [27]. Generally, larger swelling degree indicates a lower cross-linking
density and higher polymer hydrophilicity. The swelling degree of Gel 1–5 was 7.29, 6.40,
4.87, 4.19 and 4.13 g/g, respectively (Figure 5a). As the DS increased, the swelling degree
of hydrogels gradually decreased, although there were more hydrophilic carboxymethyl
groups in hydrogels with higher DS. Therefore, it was inferred that the number of cross-
linked regions played a dominant role in the water holding capacity of the hydrogel, which
accorded with the previous study [28]. It was reported that the swelling degree of semi-
interpenetrating polymer networks mainly depended on the amount of interpenetrating
chains which acted as the cross-linking points. Herein, the glucan chains worked similarly
to interpenetrating chains in semi-interpenetrating polymer networks. SEM analysis
demonstrated that more cross-linked regions were produced form glucan chains on the
surface of the CM-PG molecules with lower DS, which strengthened the pore density of
the network, captured more water molecules and eventually resulted in higher swelling
degree. The swelling degree of hydrogels at different pHs is demonstrated in Figure 5b.
When the pH ranged 3–10, pH had no significant influence on the swelling degree of
Gel 1, which was in accordance with the sensitivity of its ζ-potential to pH. In contrast,
the swelling degree of Gel 2–5 first increased and then did not significantly change, which
was consistent with the phase transition behavior of anionic gels [29]. Gel 2–5 contained
carboxymethyl groups. Most of the carboxymethyl groups were protonated under low
pHs, forming hydrogen bonds with hydroxyl groups of glucan chains. Thus, the polymers
were not able to absorb a large amount of water, leading to low swelling degree. As the pH
increased, more carboxymethyl groups deprotonated, resulting in stronger electrostatic
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repulsion. The electrostatic repulsion between the negative-charges broke hydrogen bonds
and enhanced the hydration of the polymer [30], thus enlarging the network pore size of
the hydrogel. As a result, the hydrogel was transformed into a loose state and absorbed
more water, thus leading to high swelling degree. When the pH was 7.0, the deprotonating
degree of carboxymethyl groups reached the maximum value and the swelling degree
of hydrogels was the highest. Therefore, further increasing the pH did not significantly
increase the swelling degree. These results further confirmed the pH-responsive behavior
of Gel 2–5 and that the pH-responsive behavior resulted from the carboxymethyl groups.
However, the sensitivity of Gel 2–5 disappeared when the pH was more than 7.0.
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Figure 5. Swelling degree of hydrogel in deionized water (a) and different pH buffers (b). Figure 5. Swelling degree of hydrogel in deionized water (a) and different pH buffers (b).

The pH-responsive behavior of hydrogels was also observable in Figure 6. The
volume of Gel 1 was similar at different pHs. However, the volume of Gel 2–5 was
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pH-responsive. Specifically, Gel 2–5 was in a state of tight contraction at pH 3–5, while
their swelling volume increased remarkably at pH 6–8, which was in accordance with the
response of the swelling degree and zeta potential to pHs. These results suggested that
Gel 2–5 might be the potential delivery system of bioactive ingredients for their targeted,
releasing in the small intestine. However, the sensitivity of volume of hydrogels to pH was
not positively correlated to the DS of hydrogels. It was obvious that the pH-responsive
behavior of Gel 3 was the most significant. As mentioned above, the cross-linking density
and swelling degree of hydrogels decreased as the DS of hydrogels increased, which might
lead to the lower sensitivity of the volume of Gel 3–5 to pHs than Gel 2. On the other
hand, although the cross-linking density and swelling capacity of Gel 2 were stronger
than those of Gel 3, Gel 2 had fewer carboxymethyl groups than Gel 3, thus affecting its
pH-responsive behavior.
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3.6. Rheological Properties

In the frequency range of 0.01–100 Hz, the storage modulus (G′) of hydrogels was sig-
nificantly higher than the loss modulus (G′′) (Figure 7), suggesting that the elastic behavior
dominated in hydrogels and the hydrogels were in the viscoelastic solid state [31]. As the
frequency increased, the G′ and G′′ of hydrogels were steady, indicating that the molecular
chains in the gel system recovered the original three-dimensional network structure quickly
after deformation and possessed strong resistance to the strain. Higher G′ indicated lower
grid size and higher gel strength [32,33]. The G′ decreased as the DS increased. Thus,
it was inferred that the grid size became smaller and the gel strength decreased as the DS
increased, which were in accordance with the results of SEM analysis. The skeleton of
hydrogels was made from interconnected glucan chains, and glucan chains were densely
distributed in the hydrogel system prepared from CM-PG with lower DS, which restricted
the movement of molecular chains to some extent. Hence, the corresponding hydrogel
owned stronger resistance to shear strain and showed more obvious viscoelasticity of
solid-like materials.
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3.7. Mechanical Properties

The stress/strain curves of hydrogels under the compression mode are shown in
Figure 8. When the strain was less than 10%, the stress increased slightly. Subsequently, the
stress increased dramatically as the strain increased. The larger gradient of the curve meant
that the corresponding hydrogel generated greater stress, which owned higher strength
and was more brittle [29]. Accordingly, the firmness of Gel 1–5 was 875.6, 658.8, 545.3,
393.1 and 350.2 g, respectively. That is, the hydrogel firmness was negatively correlated
with the DS (p < 0.05), which was in accordance with the result of rheology analysis and
the order of the gelation rate. This was probably due to formation of looser networks. As
shown in the SEM images, fewer junction zones were formed in hydrogels with higher
DS. On the other hand, the repulsion force resulting from negative-charged carboxymethyl
groups might also decrease the gel firmness. In summary, the DS of CM-PG significantly
affected the glucan chain length and the glucan content of chain-elongated CM-PG, thus
evidently influencing the gelation rate of chain-elongated CM-PG and the properties of the
corresponding hydrogel.
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4. Conclusions 
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4. Conclusions

Phytoglycogen was carboxymethylated and chain-elongated by glycogen phospho-
rylase. Consequently, the elongated glucan chains from different carboxymethyl phyto-
glycogen (CM-PG) molecules formed double helices, which acted as cross-linking points
to produce the hydrogel. As the DS of CM-PG increased, the content of elongated glucan
reduced, and the average elongated chain length shortened. Thus, the gelation rate of the
corresponding chain-elongated CM-PG was slower. Due to the presence of carboxymethyl
groups, the hydrogels exhibited the pH-responsive behavior. Specifically, the hydrogel vol-
ume was small at pH 3–5 and became larger at 6–8, which suggested that these hydrogels
was a potential carrier system of bioactive ingredients for their targeted releasing in small
intestine. Therefore, the application of pH-responsive hydrogels based on chain-elongated
CM-PG in encapsulating bioactive ingredients will be investigated in future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10112653/s1, Table S1: Gelation process of different hydrogels.

Author Contributions: Conceptualization, Y.L. and Y.C.; methodology, Y.L. and Y.C; software, Y.L.,
Y.C. and T.Z.; validation, X.H., T.Z. and M.M.; formal analysis, Y.L. and Y.C.; investigation, Y.L.
and X.H.; resources, M.M.; data curation, Y.L.; writing—original draft preparation, Y.L. and X.H.;
writing—review and editing, X.H. and M.M.; visualization, T.Z.; supervision, M.M. and T.Z.; project
administration, M.M.; funding acquisition, M.M and X.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (31972029,
31972026 and 32160541), the National Key R&D Program of China (2018YFC1602101), the Ten
Thousand Talent Program Youth Top-notch Talent Project of China, the Science & Technology Pillar
Program of Jiangsu Province (BE2020308), Postdoctoral Science Foundation of China (2020M682112)
and National Natural Science Foundation of Jiangxi Province (20192BAB214025).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article and its
Supplementary Materials.

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

References
1. Ullah, F.; Othman, M.B.H.; Javed, F.; Ahmad, Z.; Akil, H.M. Classification, processing and application of hydrogels: A review.

Mater. Sci. Eng. C 2015, 57, 414–433. [CrossRef] [PubMed]
2. Ali, A.; Ahmed, S. Recent Advances in Edible Polymer Based Hydrogels as a Sustainable Alternative to Conventional Polymers.

J. Agric. Food Chem. 2018, 66, 6940–6967. [CrossRef] [PubMed]
3. Chen, H.; Wu, D.; Ma, W.; Wu, C.; Tian, Y.; Wang, S.; Du, M. Strong fish gelatin hydrogels enhanced by carrageenan and potassium

sulfate. Food Hydrocoll. 2021, 119, 106841. [CrossRef]
4. González, K.; Guaresti, O.; Palomares, T.; Alonso-Varona, A.; Eceiza, A.; Gabilondo, N. The role of cellulose nanocrystals in

biocompatible starch-based clicked nanocomposite hydrogels. Int. J. Biol. Macromol. 2020, 143, 265–272. [CrossRef] [PubMed]
5. Nele, V.; Wojciechowski, J.P.; Armstrong, J.P.K.; Stevens, M.M. Tailoring gelation mechanisms for advanced hydrogel applications.

Adv. Funct. Mater. 2020, 30, 2002759. [CrossRef]
6. Qiu, Y.; Park, K. Environment-sensitive hydrogels for drug delivery. Adv. Drug Deliv. Rev. 2001, 53, 321–339. [CrossRef]
7. Zhang, B.; Wei, B.; Hu, X.; Jin, Z.; Xu, X.; Tian, Y. Preparation and characterization of carboxymethyl starch microgel with different

crosslinking densities. Carbohydr. Polym. 2015, 124, 245–253. [CrossRef]
8. Yu, R.; Zhang, Y.; Barboiu, M.; Maumus, M.; Noël, D.; Jorgensen, C.; Li, S. Biobased pH-responsive and self-healing hydrogels

prepared from O-carboxymethyl chitosan and a 3-dimensional dynamer as cartilage engineering scaffold. Carbohydr. Polym. 2020,
244, 116471. [CrossRef]

9. Xu, C.; Cao, L.; Bilal, M.; Cao, C.; Zhao, P.; Zhang, H.; Huang, Q. Multifunctional manganese-based carboxymethyl chitosan
hydrogels for pH-triggered pesticide release and enhanced fungicidal activity. Carbohydr. Polym. 2021, 262, 117933. [CrossRef]

10. Miao, M.; Li, R.; Jiang, B.; Cui, S.W.; Lu, K.; Zhang, T. Structure and digestibility of endosperm water-soluble α-glucans from
different sugary maize mutants. Food Chem. 2014, 143, 156–162. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/foods10112653/s1
https://www.mdpi.com/article/10.3390/foods10112653/s1
http://doi.org/10.1016/j.msec.2015.07.053
http://www.ncbi.nlm.nih.gov/pubmed/26354282
http://doi.org/10.1021/acs.jafc.8b01052
http://www.ncbi.nlm.nih.gov/pubmed/29878765
http://doi.org/10.1016/j.foodhyd.2021.106841
http://doi.org/10.1016/j.ijbiomac.2019.12.050
http://www.ncbi.nlm.nih.gov/pubmed/31816373
http://doi.org/10.1002/adfm.202002759
http://doi.org/10.1016/S0169-409X(01)00203-4
http://doi.org/10.1016/j.carbpol.2015.01.075
http://doi.org/10.1016/j.carbpol.2020.116471
http://doi.org/10.1016/j.carbpol.2021.117933
http://doi.org/10.1016/j.foodchem.2013.07.109
http://www.ncbi.nlm.nih.gov/pubmed/24054225


Foods 2021, 10, 2653 14 of 14

11. Ye, F.; Miao, M.; Cui, S.; Jiang, B.; Jin, Z.; Li, X. Characterisations of oil-in-water Pickering emulsion stabilized hydrophobic
phytoglycogen nanoparticles. Food Hydrocoll. 2018, 76, 78–87. [CrossRef]

12. Huang, Z.; Zeng, Z.; Gao, Y.; Liu, C.; Wu, J.; Hu, X. Crystallization of short-chain amylose: Effect of the precipitant. Starch-Starke
2019, 71, 1900007. [CrossRef]

13. Hu, X.; Huang, Z.; Zeng, Z.; Deng, C.; Luo, S.; Liu, C. Improving resistance of crystallized starch by narrowing molecular weight
distribution. Food Hydrocoll. 2020, 103, 105641. [CrossRef]

14. Liu, G.; Ji, N.; Gu, Z.; Hong, Y.; Cheng, L.; Li, C. Molecular interactions in debranched waxy starch and their effects on digestibility
and hydrogel properties. Food Hydrocoll. 2018, 84, 166–172. [CrossRef]

15. Liu, G.; Gu, Z.; Hong, Y.; Wei, H.; Zhang, C.; Huang, S.; Chen, Y.; Lu, Y.; Li, Y. Effects of molecular interactions in debranched
high amylose starch on digestibility and hydrogel properties. Food Hydrocoll. 2020, 101, 105498. [CrossRef]

16. Kitaoka, M.; Hayashi, K. Carbohydrate-prcoessing phosphorolytic enzymes. Trends Glycosci. Glycotechnol. 2002, 14, 35–50.
[CrossRef]

17. Yanase, M.; Takaha, T.; Kuriki, T. α-Glucan phosphorylase and its use in carbohydrate engineering. J. Sci. Food Agric. 2006,
86, 1631–1635. [CrossRef]

18. Kazłowski, B.; Ko, Y.-T. Reaction of phosphorylase-a with α-d-glucose 1-phosphate and maltodextrin acceptors to give products
with degree of polymerization 6–89. Carbohydr. Polym. 2014, 106, 209–216. [CrossRef] [PubMed]

19. O’Neill, E.C.; Field, R.A. Enzymatic synthesis using glycoside phosphorylases. Carbohydr. Res. 2015, 403, 23–37. [CrossRef]
[PubMed]

20. Liu, Y.; Lu, K.; Hu, X.; Jin, Z.; Miao, M. Structure, properties and potential applications of phytoglycogen and waxy starch
subjected to carboxymethylation. Carbohydr. Polym. 2020, 234, 115908. [CrossRef]

21. Banks, W.; Greenwood, C.; Khan, K. The interaction of linear, amylose oligomers with iodine. Carbohydr. Res. 1971, 17, 25–33.
[CrossRef]

22. Izawa, H.; Nawaji, M.; Kaneko, Y.; Kadokawa, J.-I. Preparation of glycogen-based polysaccharide materials by phosphorylase-
catalyzed chain elongation of glycogen. Macromol. Biosci. 2009, 9, 1098–1104. [CrossRef]

23. Kaneko, Y.; Matsuda, S.-I.; Kadokawa, J.-I. chemoenzymatic syntheses of amylose-grafted chitin and chitosan. Biomacromolecules
2007, 8, 3959–3964. [CrossRef]

24. Matsuda, S.-I.; Kaneko, Y.; Kadokawa, J.-I. Chemoenzymatic synthesis of amylose-grafted chitosan. Macromol. Rapid Commun.
2007, 28, 863–867. [CrossRef]

25. Omagari, Y.; Matsuda, S.-I.; Kaneko, Y.; Kadokawa, J.-I. Chemoenzymatic synthesis of amylose-grafted cellulose. Macromol. Biosci.
2009, 9, 450–455. [CrossRef]

26. Kadokawa, J.-I.; Shoji, T.; Yamamoto, K. Preparation of amylose-carboxymethyl cellulose conjugated supramolecular networks by
phosphorylase-catalyzed enzymatic polymerization. Catalysts 2019, 9, 211. [CrossRef]

27. Zhu, L.; Bratlie, K.M. pH sensitive methacrylated chitosan hydrogels with tunable physical and chemical properties. Biochem.
Eng. J. 2018, 132, 38–46. [CrossRef]

28. Zhang, L.; Liu, J.; Zheng, X.; Zhang, A.; Zhang, X.; Tang, K. Pullulan dialdehyde crosslinked gelatin hydrogels with high strength
for biomedical applications. Carbohydr. Polym. 2019, 216, 45–53. [CrossRef]

29. Li, Z.; Shen, J.; Ma, H.; Lu, X.; Shi, M.; Li, N.; Ye, M. Preparation and characterization of pH- and temperature-responsive
nanocomposite double network hydrogels. Mater. Sci. Eng. C 2013, 33, 1951–1957. [CrossRef] [PubMed]

30. Yu, Y.; Feng, R.; Yu, S.; Li, J.; Wang, Y.; Song, Y.; Yang, X.; Pan, W.; Li, S. Nanostructured lipid carrier-based pH and temperature
dual-responsive hydrogel composed of carboxymethyl chitosan and poloxamer for drug delivery. Int. J. Biol. Macromol. 2018,
114, 462–469. [CrossRef] [PubMed]

31. Kim, M.H.; Park, H.; Park, W.H. Effect of pH and precursor salts on in situ formation of calcium phosphate nanoparticles in
methylcellulose hydrogel. Carbohydr. Polym. 2018, 191, 176–182. [CrossRef] [PubMed]

32. Amemiya, J.; Shoemaker, C. Measurement of thixotropy of model food colloidal suspensions with step change shear rate. J. Food
Eng. 1992, 16, 17–24. [CrossRef]

33. Ranjan, R.; Rawat, K.; Bohidar, H. Interface versus bulk gelation and UCST in hydrophobically assembled TX-100 molecular gels.
Colloids Surfaces A Physicochem. Eng. Asp. 2016, 499, 113–122. [CrossRef]

http://doi.org/10.1016/j.foodhyd.2017.05.003
http://doi.org/10.1002/star.201900007
http://doi.org/10.1016/j.foodhyd.2020.105641
http://doi.org/10.1016/j.foodhyd.2018.05.057
http://doi.org/10.1016/j.foodhyd.2019.105498
http://doi.org/10.4052/tigg.14.35
http://doi.org/10.1002/jsfa.2513
http://doi.org/10.1016/j.carbpol.2014.01.101
http://www.ncbi.nlm.nih.gov/pubmed/24721070
http://doi.org/10.1016/j.carres.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/25060838
http://doi.org/10.1016/j.carbpol.2020.115908
http://doi.org/10.1016/S0008-6215(00)81539-6
http://doi.org/10.1002/mabi.200900106
http://doi.org/10.1021/bm701000t
http://doi.org/10.1002/marc.200600821
http://doi.org/10.1002/mabi.200800237
http://doi.org/10.3390/catal9030211
http://doi.org/10.1016/j.bej.2017.12.012
http://doi.org/10.1016/j.carbpol.2019.04.004
http://doi.org/10.1016/j.msec.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23498217
http://doi.org/10.1016/j.ijbiomac.2018.03.117
http://www.ncbi.nlm.nih.gov/pubmed/29578017
http://doi.org/10.1016/j.carbpol.2018.03.032
http://www.ncbi.nlm.nih.gov/pubmed/29661307
http://doi.org/10.1016/0260-8774(92)90017-Z
http://doi.org/10.1016/j.colsurfa.2016.04.004

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of pH-Responsive Hydrogels 
	Iodine Staining Analysis 
	X-ray Diffraction (XRD) Analysis 
	Scanning Electron Microscope (SEM) Analysis 
	Assay of Zeta-Potential 
	Swelling Degree and pH-Responsive Behavior 
	Rheological Properties 
	Mechanical Properties 
	Statistical Analysis 

	Results and Discussion 
	Iodine Staining Analysis 
	XRD Analysis 
	Formation of the pH-Responsive Hydrogel 
	Zeta-Potential of Hydrogels at Different pHs 
	Swelling Degree and pH-Responsive Behavior 
	Rheological Properties 
	Mechanical Properties 

	Conclusions 
	References

