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Abstract: Konjac glucomannan (KGM) hydrogel has favorable gel-forming abilities, but its insufficient
swelling capacity and poor control release characteristics limit its application. Therefore, in this
study, oxidized hyaluronic acid (OHA) was used to improve the properties of KGM hydrogel. The
influence of OHA on the structure and properties of KGM hydrogels was evaluated. The results
show that the swelling capacity and rheological properties of the composite hydrogels increased
with OHA concentration, which might be attributed to the hydrogen bond between the KGM and
OHA, resulting in a compact three-dimensional gel network structure. Furthermore, epigallocatechin
gallate (EGCG) was efficiently loaded into the KGM/OHA composite hydrogels and liberated in a
sustained pattern. The cumulative EGCG release rate of the KGM/OHA hydrogels was enhanced by
the increasing addition of OHA. The results show that the release rate of composite hydrogel can be
controlled by the content of OHA. These results suggest that OHA has the potential to improve the
properties and control release characteristics of KGM hydrogels.

Keywords: konjac glucomannan; oxidized hyaluronic acid; hydrogels

1. Introduction

Hydrogels are three-dimensional polymer networks connected by cross-linked cova-
lent bonds and weak cohesive forces in the form of hydrogen or ionic bonds [1]. Due to
their excellent biocompatibility, soft texture, and high permeability to small hydrophilic
molecules, hydrogels have been attractive candidates for a wide range of applications, such
as cartilage scaffolds, drug delivery, and sensors [2]. Furthermore, hydrogels have been
used in a variety of forms, including scaffolds, injectable hydrogels, hydrogel nanoparticles,
microgels, nanofibers, and hydrogel membranes [3]. However, most hydrogels have weak
stability due to their high water content, which greatly limits their application [4]. This
drawback can be overcome by fabricating a “composite or hybrid hydrogel” system.

Konjac glucomannan (KGM) is a kind of natural polysaccharide that is extracted
from the tuber of the Amorphophallus konjac K. Koch plant. It primarily consists of a
linear chain of 3-1-4-linked D-glucose and D-mannose, with a glucose to mannose ratio of
approximately 1:1.6, with a low degree of acetyl groups at the side-chain C-6 position [5].
Due to its excellent film-forming ability and good biodegradable, biocompatible, and
gel-forming properties [6,7], KGM has been widely applied in the field of biomedicine,
food, health care, and cosmetics, among others [8,9]. In particular, KGM has been used
as a raw material for the preparation of hydrogels and films that show drug-loading and
sustained-release properties [5,6,9]. The preparation methods of KGM gel mainly include
alkaline treatment, borate cross-linking, polymer compositing, high-voltage electric field
preparation, and metal ion cross-linking after modification [6]. However, as a drug carrier,
pure KGM hydrogel has a low drug release amount due to the strong hydrogen bond
between KGM and other molecules [7]. Therefore, other substances need to be added to
KGM hydrogel to improve its release properties.
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Hyaluronic acid (HA), widely present in all organisms [10], is a nonsulfated gly-
cosaminoglycan consisting of alternating (3-1,4-D-glucuronic acid and 3-1,3-N-acetyl-D-
glucosamine monosaccharides [11]. Due to its non-immunogenicity and excellent degrad-
able and excellent biocompatible properties, HA has been widely used in tissue engineering,
drug delivery, and immune regulation [12]. Furthermore, as a drug carrier, it has been
shown that the controlled release from HA has many benefits, such as maintaining optimum
drug concentration, enhancing therapeutic effects, improving treatment efficiency with less
drug, lowering toxicity, and prolonging in vivo release rates [13]. To expand the application
of HA, modification is usually required. Research shows that modified HA could be mixed
with chitosan and gelatin to form a hydrogel with enhanced properties [14,15]. As a modi-
fied product of HA, oxidized hyaluronic acid (OHA) has similar characteristics to HA and
can be used to improve the properties of the hydrogel. The preparation of a KGM/OHA
hydrogel has not been reported. In this study, HA was oxidized by sodium periodate to
prepare OHA, and then mixed with KGM to form a composite hydrogel. The physical
and chemical properties of the KGM/OHA composite hydrogels were evaluated by FT-IR,
rheometer, and SEM. Moreover, the epigallocatechin gallate (EGCG) release properties of
KGM/OHA hydrogels were also discussed. At present, the study of KGM/OHA composite
hydrogels has not been reported. Therefore, this study could provide feasible advice for
the preparation of KGM/OHA hydrogels and a preliminary evaluation of the properties of
KGM/OHA hydrogels.

2. Materials and Methods
2.1. Materials

HA (molecular weight: 200-400 kDa), sodium periodate, EGCG, and hydroxylamine
hydrochloride were purchased from Shanghai Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). KGM (molecular weight: 200-2000 kDa) was purchased from Zhaotong
Sanai Organic Konjac Development Co., Ltd. (Yunnan, China). Glycol and anhydrous
sodium carbonate were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). The dialysis bag (Mw 3.5 kDa cut-off) was purchased from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China).

2.2. Preparation of OHA

OHA was prepared by the previous method with some modifications [16]. HA (1 g)
was added to 100 mL of deionized water and stirred at 500 r/min for 2 h until the HA was
completely dissolved. Then, 0.535 g of sodium periodate was added to the HA solution;
1mL of glycol was added to stop the reaction after 24 h of light protection. The dialysis was
performed with a dialysis bag (My 3.5 kDa cut-off) for 3 d. OHA was obtained after freeze
drying the dialysate for 24 h.

2.3. Oxidation Rate Determination

The oxidation rate was calculated according to the previous method [17]. A total of
0.05 g of OHA was added to 25 mL (0.25 mol/L) of hydroxylamine hydrochloride solution
into which 2-3 drops of methyl orange were dropped. The solution was shaken for 2 h at
90 r/min. The solution of methyl orange was titrated with 0.1 mol/L of sodium hydroxide
until it turned yellow. The oxidation rate can be calculated by the following formula:

o mol Of(—CHO) _ VneoH - NNaor X 0.001

1= 2 molof OHA 2-W = 400 M)

where 7 is the oxidation rate, Vy,on is the volume of sodium hydroxide consumed by
titration (mL), Nn,0p is the concentration of sodium hydroxide (mol/L), W is the mass of
OHA (g), and 400 is the molar mass of the basic cyclic unit of OHA.
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2.4. Preparation of Hydrogels

The fabrication process of the hydrogels was conducted as follows: First, a cer-
tain amount of OHA was weighed and dissolved in deionized water through stirring
(400 r/min) for 1 h. Then, the KGM powder was added to the OHA solution under stirring
at 400 r/min. The compositions of the hydrogel samples are detailed in Table 1. After
adding the KGM, 0.1 mol/L of sodium carbonate solution was added to the KGM/OHA
solution to adjust the pH = 11. Subsequently, the KGM/OHA solution was placed in the
water baths at 40 °C under stirring at 400 r/min for 2 h. Then, the KGM/OHA solution
was transferred to the 80 °C water baths for 1 h to form hydrogel. The steps of the hydro-
gels’ preparation are shown in Figure 1. The obtained hydrogels were cooled to 25 °C, by
running water, for further evaluation.

Table 1. Composition of KGM and OHA in hydrogels.

Sample KO-0 KO-1 KO-2 KO-3
KGM% (w/v) 1 1 1 1
OHA% (w/v) 0 0.1 0.3 0.5

____________ Hydrogen
bonding

KGM Sol KGM/OHA sol

KGM/OHA hydrogel

Figure 1. Synthesis diagram of KGM/OHA hydrogel.

2.5. Preparation of EGCG-Loaded Hydrogels

In order to load the EGCG into the OHA /KGM hydrogel, EGCG was directly added
to deionized water at a concentration of 0.8 mg/mL, followed by a 10 min ultrasound.
The freeze-dried hydrogel was then placed in the EGCG solution with 100 mL of EGCG
solution for each gram of freeze-dried gel. The EGCG was loaded onto the hydrogel after
standing at room temperature for 12 h [18].

2.6. FT-IR Characterization

The FT-IR of the OHA and KGM/OHA freeze-dried composite gels was measured by
an FT-IR spectrometer (Bruker VERTEX 70, Thermo Fisher Scientific Co., Ltd., Waltham,
MO, USA) using the KBr pressed pellet method. A small number of samples were mixed
with potassium bromide, ground carefully for approximately 5 min, and then pressed.
The FT-IR spectra were measured with wavelengths from 400 cm ! to 4000 cm ™! with a
resolution of 4 cm ™! and 64 scan acquisitions.
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2.7. Rheological Test

The rheological properties of the KGM/OHA hydrogels were measured using a rota-
tional rheometer (MCR301, Anton Parr, Austria) with a standard parallel-plate geometry
(PP-50, 50 mm of diameter, and 1 mm gap). Steady shear flow behavior was measured
at 25 °C and the scans were conducted at a shear rate range of 0.1 s~! to 1000 s~!. The
measurement was conducted in oscillation amplitude mode at a constant temperature
of 25 °C, an angular frequency of 1.0 rad/s, and a strain range of 0.1-100%. After the
linear viscoelastic region of the samples was obtained, the measurement was carried out in
oscillation frequency mode, in which the strain was fixed at 1% and the frequency sweep
was in a range of 0.1-100 rad/s. The values of the frequency-dependent G’ and G” were
recorded. The shear stress sweep was tested from 0.1 Pa to 100 Pa at a constant temperature
of 25 °C.

2.8. Scanning Electron Microscopy (SEM)

The microstructures of the samples were observed through SEM (Nova NanoSEM 230,
FEI CZECH REPUBLIC S.R.O., Brno, Czech Republic). The cross section of the freeze-dried
gel was coated with gold and scanned at an accelerated voltage of 15 KV.

2.9. Swelling Properties of Hydrogels

The prepared hydrogel was freeze dried for 24 h and weighed immediately after it
was taken out. The dry hydrogel was then immersed in 100 mL of PBS (0.01 M, pH =7.4).
After a certain interval of time, the hydrogel was weighed. The swelling rate was calculated
as the formula: M M

t — Mo
——— x 100 % 2
TR @
where My is the weight of dry hydrogel and M; is the weight of hydrogel after a period
of time.

SD =

2.10. In Vitro Degradation Rate (DR)

The freeze-dried OHA /KGM hydrogels were weighed and then immersed in the PBS
(0.01 M, pH = 7.4) solution at 25 °C. The hydrogels were washed with deionized water and
freeze dried for 24 h. The degradation rate of hydrogel was calculated as the formula:

Wo — W

DR =
Wo

% 100 % ®)
where Wy is the initial weight of the dried hydrogel and W; is the weight of the dried
hydrogel weighed every 4 days.

2.11. EGCG Loading Determination

The concentration of EGCG was measured using the Folin-Ciocalteu phenol method [19].
The absorbance of the solution was recorded at a 717 nm wavelength using a UV-vis spec-
trophotometer (UV-1780, Shimadzu, Japan). The concentration and content of EGCG in the so-
lution were calculated by the standard curve of EGCG absorbance. The entrapment efficiencies
(EEs) of the KGM/OHA hydrogel for EGCG were determined using the following equation:
Mo

Mo~ o 100% @)
my

EEs =

where my is the total amount of EGCG contained in the suspension and rm is the amount
of free EGCG.

2.12. In Vitro Release Studies

In order to evaluate the sustained release performance of KGM/OHA hydrogel, the
KGM/OHA hydrogel, loaded with EGCG, was immersed in 50 mL of PBS (0.01 M, pH = 7.4)
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and continuously shaken at 60x g rpm. The temperature was maintained at 37 °C. Then,
1 mL of the solution was taken out every 1 h to measure the content of EGCG, and the
release amount of EGCG was, also, calculated according to the Folin—Ciocalteu phenol
method. The concentration and content of EGCG in the PBS were calculated by the standard
curve of EGCG absorbance. The cumulative release rate of EGCG was calculated by the
EGCG content in the hydrogel and the solution before the release experiment. The formula
is as follows:

Cumulative release rate = M 100% (5)

mo — mq
where m; is the EGCG content in the PBS solution after a certain release time. The volume of
PBS was kept at 50 mL. The experimental data were obtained from three parallel experiments.

3. Result and Discussion
3.1. Characterization of OHA

Sodium periodate can oxidize two adjacent hydroxyl groups in HA into two aldehyde
groups to form OHA. Because the amino group in hydroxylamine hydrochloride can react
with the aldehyde group in OHA, the reaction between hydroxylamine hydrochloride and
the aldehyde group can be used to verify whether OHA can be successfully prepared [20].
The content of the aldehyde group in OHA was calculated according to the reaction formula,
and the oxidation rate of OHA was 43.8 £ 2.26%, which was consistent with previous
research [21]. To further confirm the successful formation of the dialdehyde groups in OHA,
FT-IR spectra of HA and OHA were recorded. As shown in Figure 2, compared with HA, a
new absorption peak at approximately 1725 cm ™!, corresponding to the dialdehyde groups,
was observed in the spectrum of OHA [15], which confirmed the successful preparation of
OHA. Similar results were also reported by Li et al. [22].

—HA
— OHA

1730

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Figure 2. FT-IR spectra of HA and OHA.
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3.2. Appearance Characteristics of Hydrogels

The photographic appearance of the hydrogels is shown in Figure 3. It was obvious
that all of the hydrogels were pale yellow due to the deacetylation of KGM during the
formation of the hydrogels [23]. The original slight yellow color of the OHA hydrogel
might be responsible for this. With the increase in the OHA concentration, the composite
hydrogels’ color became deeper. Meanwhile, the structure of all the hydrogels was flat
without collapse, indicating the good potential of KGM and OHA for the formulation
of hydrogels.

Figure 3. An image of the hydrogels. From left to right, the hydrogels are KO-0, KO-1, KO-2 and
KO-3, respectively.

3.3. FT-IR Spectra of Hydrogels

FT-IR was usually used to observe functional groups in polysaccharides. Changes
occurring at a molecular level were often difficult to observe from a macroscopic perspective.
The FT-IR spectra of the KO-0, KO-1, KO-2 and KO-3 hydrogels are shown in Figure 4a.
The spectra of the KO-0, KO-1, KO-2 and KO-3 hydrogels were basically similar. However,
the O-H bond absorption peak near 3406 cm~! moved with the addition of OHA. The
peaks of KO-0, KO-1, KO-2 and KO-3 appeared at 3396 cm ™!, 3406 cm~!, 3420 cm~!, and
3404 cm~!, respectively. From KO-0 to KO-2, the site of the O-H bond absorption peak
gradually deviated to the high wavelength due to the stretching of the O-H bond. This
was attributed to the hydrogen bond interaction between the KGM/OHA hydrogels that
gradually increased with the increase in the OHA content [24]. However, the hydrogen
bond absorption peak site of the KO-3 hydrogel was close to that of KO-1, indicating that
the hydrogen bond interaction of KGM/OHA hydrogel was weakened when the OHA
concentration was 0.5%.

3.4. Rheological Analysis of Hydrogels

To investigate the effect of the OHA amount on the rheological properties of composite
hydrogels, the steady rheological behavior of the composite hydrogels with different OHA
contents was measured, as shown in Figure 4b. It was found that the apparent viscosity of
all the hydrogels could be maintained at a relatively high level at a low shear rate. With
the increase in shear rate, the apparent viscosity of the hydrogels gradually decreased and
finally stabilized at an almost identical low viscosity level. It shows that the properties
of pseudoplastic fluid were consistent with the rheological properties of KGM studied
previously [25]. At a lower shear rate, the three-dimensional network structure of the
hydrogels was not damaged, so the viscosity of the hydrogels could be maintained at
a high level. However, with the increase in shear rate, the molecular chain gradually
fractured, leading to an increased degree of damage to the three-dimensional network of
the hydrogels and a decrease in the viscosity of the hydrogels [26]. In addition, adding
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OHA can significantly improve the viscosity of the mixed system, which might be due
to the hydrogen-bond interaction between the OHA and KGM that made the hydrogels’
network structure more stable. Among the three hydrogels containing OHA, the hydrogels
with an OHA concentration of 0.3% had the highest viscosity. This was because the main
effect of the OHA addition on the KGM hydrogel was to reinforce the network structure
at a concentration of 0-0.3%. However, the viscosity of the hydrogel decreased at an
OHA concentration of 0.5%. This may be because the excessive OHA addition might have
impacted the original structure of the KGM gel, allowing the molecules to slide.

(a) (b) KO-0
- —a— o

KO-0 5o ]

—a—KO0-2

KO-1 40 KO-3

3396

Transmittee (%)
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~—\ \
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/ N\ ’ "
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4000 3500 3000 2500 2000 1500 1000 500 0.1 1 10 100 1000
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Figure 4. FT-IR spectra of KO-0 hydrogel, KO-1 hydrogel, KO-2 hydrogel and KO-3 hydrogel (a). The
viscosity—shear rate curves (b), the viscoelasticity—angular frequency curves (c) and the viscoelasticity—
shear stress curves (d) of KO-0, KO-1, KO-2 and KO-3 hydrogels.

Frequency scanning is one of the most common test modes in polymer dynamic
rheological testing. Through frequency scanning, the frequency dependence of the storage
modulus (G') and loss modulus (G”) can be obtained in order, so as to judge the relaxation
time of the polymers. The relationship between the viscoelasticity and angular frequency
of the hydrogels is shown in Figure 4c. G’ represents the elasticity of hydrogel while G”
represents the viscosity of the hydrogel. It has been previously stated that when the G/
value of a substance is greater than the G’ value, the substance acts as a viscoelastic solid,
indicating that the substance behaves like a gel [25,27]. It can be seen that the G’ values of all
the hydrogels were higher than the G” values in the whole angular frequency measurement
range (0.1-100 rad/s), and all the hydrogels exhibited stable viscoelastic solid morphology.
These results indicate that hydrogels can keep their original hydrogel network structure in
a middle frequency band and have good structural stability. In addition, the viscoelasticity
of all the hydrogels containing OHA was higher than that of the KGM hydrogels, indicating
that OHA could improve the stability of the KGM hydrogel network. This result was
consistent with the steady rheological study. The hydrogels with an OHA concentration
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of 0.3% still had the highest viscoelasticity, which was consistent with the performance of
viscosity and the shear rate of the hydrogels.

The mechanical properties of the hydrogels reflected the homogeneity state and the
interfacial interactions between its components, which was measured by oscillatory shear
rheology [27]. The hydrogels behaved as viscoelastic fluids under a certain degree of shear
stress, and the critical value of shear stress was also shown as the intersection of the G’ and
G” curves [28]. As shown in Figure 4d, the viscoelasticity of the KGM hydrogel was lower
than that of the hydrogel containing OHA. The intersection point of the G’ and G” curves
of the KGM hydrogel was more advanced than those of the other hydrogels containing
OHA. These results demonstrate that the mechanical properties of the KGM hydrogels were
significantly lower than those of the hydrogels containing OHA [26], indicating that OHA
could improve the mechanical properties of hydrogel and make the hydrogel structure
more stable. Furthermore, the hydrogel structure at an OHA concentration of 0.5% was
weaker, which was consistent with the above experiments.

3.5. SEM Analysis

Figure 5 shows the morphology of the KGM and KGM/OHA freeze-dried hydrogels
with different OHA concentrations. It can be seen that all the hydrogels present continuous
network structures, which was the structural characteristic of stable hydrogels. This was
similar to the observation of the KGM hydrogel network structure under alkaline conditions
by Mu et al. [29]. It indicated that the network structure of KGM occupied the majority in
the gel system of KGM/OHA, which corresponded to the higher content of KGM relative
to OHA in the experimental group design. In addition, the network structure of the
KGM/OHA hydrogels was more compact than that of the KGM hydrogels after adding
OHA. It can be speculated that the OHA molecules wound onto the KGM gel network, and
its molecular chains were connected by the hydrogen bond interaction, which strengthened
the network structure of the KGM hydrogel and thus enhanced the stability of the KGM
hydrogel. However, when the content of OHA was 0.5%, due to the hydrophilicity of OHA,
a large number of holes appeared in the network structure of the KGM/OHA hydrogel
after freeze drying [30]. Adding too much OHA increased the water content within the
hydrogel, which led to many water-filled holes in the structure of the hydrogel. Therefore,
the excessive OHA made the water content of the hydrogel higher, thereby resulting in a
decrease in the viscosity and stability of the KGM/OHA hydrogel at 0.5% OHA content.

3.6. Swelling Properties

Swelling is one of the main properties of hydrogels. The swelling properties of the
hydrogel within 6h are shown in Figure 6a. It can be observed that the swelling rate of all
the prepared hydrogels increased, with the increase in soaking time, and finally reached a
relatively stable level. It indicated that the hydrogels could swell well in the PBS solution
with a pH of 7.4, which was similar to the swelling trend of the KGM hydrogels observed
previously [31]. In addition, it can be seen, from the broken line diagram of gel swelling, that
the swelling rate of the KGM hydrogel was higher than that of the KGM/OHA hydrogel.
The swelling rate of the hydrogels was usually related to the cross-linking density and
the network structure of the hydrogels [32]. As the cross-linking density increased, the
swelling rate of the hydrogels decreased, which was probably due to the denser network
formed in the hydrogels with a higher cross-linking density, thus making it difficult for
water molecules to enter the internal space of the hydrogels [33]. Therefore, with the
addition of OHA, the swelling rate of the hydrogels became lower because the cross-linking
density of the KGM hydrogel was lower than that of the KGM/OHA hydrogel. When the
OHA concentration ranged from 0 to 0.3%, the decreasing swelling rate showed that the
cross-linking density of the hydrogel network gradually increased. However, when the
OHA concentration was 0.5%, excessive OHA made the microstructure of the hydrogel
appear porous, which reduced the cross-linking density of the hydrogels and increased the
swelling rate.
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3.7. In Vitro Degradation Rate

In order to study the degradation performance of hydrogels, the hydrogels were
soaked in PBS solution and then removed every 4 days for drying and weighing, followed
by a recording of the mass loss of the hydrogels, which can be utilized for reflecting the
degradation rate of the hydrogels. The degradation rate of the hydrogels in different
proportions is shown in Figure 6b. The results show that the degradation rate of the hy-
drogel increased gradually within 16 d, which was a common phenomenon of hydrogel
degradation in vitro. In addition, the degradation rate of hydrogels containing OHA was
significantly higher than that of the KGM hydrogels within 16 d, and the degradation rate
of hydrogels in vitro increased with the increase in the OHA supplemental level. This phe-
nomenon was due to the high degradation capacity of the OHA [33]. The cyclic monomer of
the OHA contained an aldehyde group, which was beneficial to degradation [34]. Therefore,
the addition of OHA could make KGM hydrogel possess a higher degradation rate.

(d)

— 50 pm — 500 ym ——

Figure 5. The SEM images of KO-0 hydrogels (a), KO-1 hydrogels (b), KO-2 hydrogels (c) and KO-3
hydrogels (d).

3.8. Load and Release Behavior of Hydrogels

The entrapment efficiencies (EEs) of KO-0, KO-1, KO-2, and KO-3 hydrogels were
18.43 £ 1.99%, 19.13 + 1.94%, 22.40 £ 1.24%, and 20.87 & 2.28%, respectively. The EEs of
the hydrogels were usually related to the microstructure of the hydrogel network. When
the network structure of the hydrogels was relatively loose, the area available for EGCG
attachment was less [35]. The increase in the number of pores in the hydrogel could also
improve EEs, which was based on the principle that the pores could increase the internal
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surface area of the hydrogel [36]. SEM showed that from KO-0 to KO-2, the network of
hydrogels became more compact. KO-2 hydrogels had the densest network structure and
contained many pores and, thus, had the highest EEs. Compared with the KO-2 hydrogel,
the KO-3 hydrogel had slightly more pores, but the excessive OHA impacted the molecular
structure of the KGM and made the structure of the hydrogel not compact. Moreover, the
reduced load space of EGCG on the hydrogel resulted in the EEs of the KO-3 hydrogel
being slightly lower than that of the KO-2 hydrogel.

(a) 20 (b)
50
2000 - { { i L 1
. Nt | -
= -
‘8’ 1800 s {
g I ~/l/! %;7741 £ /E
;DIMJO— —”‘74%\' —— 1" 1 ) ==
Pl | ]
& S 201 —=—KO0-0
14004 —e—KO-0 — KO
b4 E‘ z —e—KO-1 N =
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Figure 6. Swelling curve of KO-0 hydrogels, KO-1 hydrogels, KO-2 hydrogels, and KO-3 hydrogels (a).
In vitro degradation curve of KO-0 hydrogels, KO-1 hydrogels, KO-2 hydrogels, and KO-3 hydrogels (b).

Figure 7 shows the EGCG release rates of KGM/OHA hydrogels in different propor-
tions. The EGCG release amounts of KO-0, KO-1, KO-2, and KO-3 hydrogels after 10 h
were 31.40 & 0.73%, 54.89 & 2.81%, 57.62 &+ 4.11%, and 62.44 £ 1.97%, respectively. Figure 7
also shows that the amount of EGCG released in the first 6 h was significantly higher than
that in the following 4 h. The phenomenon observed by Wang et al. [37] and Yuan et al. [38]
did not appear in this experiment: hydrogels showed an explosive release of the loaded
substance in the first 1 h of the release experiment and a sustained release in the following
several hours. In this experiment, all hydrogels showed higher release rates in the first 5 h
of the release experiment than in the subsequent hours. Although the burst release rate
was lower, KGM/OHA hydrogels showed a longer burst release period of EGCG than
other KGM-based hydrogels. This phenomenon was attributed to the fact that OHA could
prolong the in vivo release [13]. The other reason was that the molecular structure of EGCG
contained a large number of hydroxyl groups so that it was easy to have a strong hydrogen
bond interaction with the hydroxyl groups on the KGM and OHA molecular chains [39].
The gradual increase in the EGCG release of the KO-1, KO-2, and KO-3 hydrogels was due
to the hydrophilicity and degradation of the OHA [30,34]. The hydrophilic properties of
the OHA allowed water to enter the internal structure of the KGM/OHA hydrogels more
quickly, which allowed the EGCG in the hydrogel to be released into the buffer more easily.
The rapid degradation of the OHA made the structure of the gel become gradually fluffy
during the release experiment, which made EGCG easy to release. It could be concluded
that the release rate and amount were related to the content of OHA and that they can be
easily controlled by the addition of OHA. Therefore, KGM/OHA hydrogels, capable of the
long-term, high-speed, and controlled release of EGCG, can be used for biomedical and
food applications, as a promising gel material.
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Figure 7. Cumulative release curves of KO-0, KO-1, KO-2 and KO-3 hydrogels.

4. Conclusions

In this study, a stable composite hydrogel was prepared by incorporating KGM with
OHA, after which alkali processing and thermal treatment were conducted. The effect
of OHA content on various gel properties was evaluated. The obtained hydrogel was
pale yellow, smooth in surface, and had a favorable swelling capacity, which qualified the
essential requirements for ideal drug-delivery applications. The OHA played an effective
role in adjusting the swelling ratio and increasing the biodegradation rate. The rheological
analysis shows that, when the concentration of OHA is 0.3%, KGM/OHA has the most
stable network structure and the greatest mechanical properties. When observed through
SEM, the firm and porous structure of the KGM/OHA hydrogel demonstrates a rich storage
space for drug loading. Furthermore, both EGCG encapsulation efficiency and the release
properties of the hydrogels were significantly raised with the presence of OHA. The overall
results suggest that the KGM/OHA hydrogel, loaded with EGCG, exhibited potential
applications in controlled release.

Author Contributions: Conceptualization, HW. and C.W.; Methodology, HW., ].C. and N.B.; Soft-
ware, N.B.; Validation, H.-W. and C.W.; Formal Analysis, H.W.; Investigation, H.W.,, ].C. and Y.C;
Resources, R.S.; Data Curation, H-W.; Writing—Original Draft Preparation, H-W.; Writing—Review
and Editing, C.W.; Visualization, N.B.; Supervision, C.W.; Project Administration, J.P.; Funding
Acquisition, ].P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
No. 31772045), the Fuzhou Science and Technology Bureau (2019-G-50), and the Fujian Science and
Technology Planning Project (2018N2002).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

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



Polymers 2022, 14, 927 12 of 13

References

1.  Mitura, S.; Sionkowska, A.; Jaiswal, A. Biopolymers for hydrogels in cosmetics: Review. |. Mater. Sci. Mater. Med. 2020, 31, 50.
[CrossRef] [PubMed]

2. Fan,C; Liao, L.; Zhang, C.; Liu, L. A tough double network hydrogel for cartilage tissue engineering. J. Mater. Chem. B 2013, 1,
4251-4258. [CrossRef] [PubMed]

3. Yazdi, M.K,; Vatanpour, V.; Taghizadeh, A.; Taghizadeh, M.; Ganjali, M.R.; Munir, M.T.; Habibzadeh, S.; Saeb, M.R.; Ghaedi, M.
Hydrogel membranes: A review. Mater. Sci. Eng. C 2020, 114, 111023. [CrossRef] [PubMed]

4. Sun,].; Zhao, X.; llleperuma, W.R.K.; Chaudhuri, O.; Oh, K.H.; Mooney, D.].; Vlassak, ].].; Suo, Z. Highly stretchable and tough
hydrogels. Nature 2012, 489, 133-136. [CrossRef]

5. Zhou, L.; Xu, T,; Yan, J.; Li, X.; Xie, Y.; Chen, H. Fabrication and characterization of matrine-loaded konjac glucomannan/fish
gelatin composite hydrogel as antimicrobial wound dressing. Food Hydrocoll. 2020, 104, 105702. [CrossRef]

6. Lin, W; Ni, Y; Liu, D.; Yao, Y.; Pang, J. Robust microfluidic construction of konjac glucomannan-based micro-films for active food
packaging. Int. . Biol. Macromol. 2019, 137, 982-991. [CrossRef]

7. Yang, D.; Yuan, Y.; Wang, L.; Wang, X.; Mu, R,; Pang, J.; Xiao, J.; Zheng, Y. A Review on Konjac Glucomannan Gels: Microstructure
and Application. Int. . Mol. Sci. 2017, 18, 2250. [CrossRef]

8.  Chen, H;; Lan, G.; Ran, L,; Xiao, Y;; Yu, K,; Lu, B; Dai, F; Wu, D.; Lu, F. A novel wound dressing based on a Konjac
glucomannan/silver nanoparticle composite sponge effectively kills bacteria and accelerates wound healing. Carbohydr. Polym.
2018, 183, 70-80. [CrossRef]

9.  Chen, L; Liu, Z.; Zhuo, R. Synthesis and properties of degradable hydrogels of konjac glucomannan grafted acrylic acid for
colon-specific drug delivery. Polymer 2005, 46, 6274—6281. [CrossRef]

10. Necas, J.; Bartosikova, L.; Brauner, P.; Kolar, ]. Hyaluronic acid (hyaluronan): A review. Vet. Med. 2008, 53, 397—411. [CrossRef]

11.  Varela-Aramburu, S.; Su, L.; Mosquera, J.; Morgese, G.; Schoenmakers, S.M.C.; Cardinaels, R.; Palmans, A.R.A.; Meijer, E-W.
Introducing Hyaluronic Acid into Supramolecular Polymers and Hydrogels. Biomacromolecules 2021, 22, 4633—4641. [CrossRef]

12. Zhang, S.; Hou, J.; Yuan, Q.; Xin, P.; Cheng, H.; Gu, Z.; Wu, J. Arginine derivatives assist dopamine-hyaluronic acid hybrid
hydrogels to have enhanced antioxidant activity for wound healing. Chem. Eng. J. 2020, 392, 123775. [CrossRef]

13. Bayer, L.S. Hyaluronic Acid and Controlled Release: A Review. Molecules 2020, 25, 2649. [CrossRef]

14. Sanmartin-Masia, E.; Poveda-Reyes, S.; Ferrer, G.G. Extracellular matrix-inspired gelatin/hyaluronic acid injectable hydrogels.
Int. J. Ploym. Mater. 2017, 66, 280-288. [CrossRef]

15. Chen, Y,; Su, W,; Yang, S.; Gefen, A.; Lin, F. In situ forming hydrogels composed of oxidized high molecular weight hyaluronic
acid and gelatin for nucleus pulposus regeneration. Acta Biomater. 2013, 9, 5181-5193. [CrossRef]

16. Franga, C.G.; Sacomani, D.P; Villalva, D.G.; Nascimento, V.F,; Davila, J.L.; Santana, M.H.A. Structural changes and crosslinking
modulated functional properties of oxi-HA /ADH hydrogels useful for regenerative purposes. Eur. Polym. J. 2019, 121, 109288.
[CrossRef]

17.  Zhao, H.; Heindel, N.D. Determination of Degree of Substitution of Formyl Groups in Polyaldehyde Dextran by the Hydroxy-
lamine Hydrochloride Method. Pharm. Res. 1991, 8, 400-402. [CrossRef]

18. Wang, L,; Li, Y,; Lin, L.; Mu, R,; Pang, ]. Novel synthesis of mussel inspired and Fe?* induced pH-sensitive hydrogels: Adhesion,
injectable, shapeable, temperature properties, release behavior and rheological characterization. Carbohydr. Polym. 2020,
236, 116045. [CrossRef]

19. Donsi, F; Voudouris, P.; Veen, S.J.; Velikov, K.P. Zein-based colloidal particles for encapsulation and delivery of EGCG. Food
Hydrocoll. 2017, 63, 508-517. [CrossRef]

20. Pandit, A.H.; Mazumdar, N.; Ahmad, S. Periodate oxidized hyaluronic acid-based hydrogel scaffolds for tissue engineering
applications. Int. J. Biol. Macromol. 2019, 137, 853-869. [CrossRef]

21. Zhao, Y; Li, Y,; Peng, X.; Yu, X.; Cheng, C.; Yu, X. Feasibility study of oxidized hyaluronic acid cross-linking acellular bovine
pericardium with potential application for abdominal wall repair. Int. J. Biol. Macromol. 2021, 184, 831-842. [CrossRef]

22. Li, S,;Pei, M.;; Wan, T,; Yang, H.; Gu, S.; Tao, Y.; Liu, X.; Zhou, Y.; Xu, W.; Xiao, P. Self-healing Hyaluronic Acid Hydrogels Based
on Dynamic Schiff Base Linkages as Biomaterials. Carbohydr. Polym. 2020, 250, 116922. [CrossRef]

23. Yang, X.; Li, A,; Li, D; Li, X;; Li, P; Sun, L.; Guo, Y. Improved physical properties of konjac glucomannan gels by co-incubating
composite konjac glucomannan/xanthan systems under alkaline conditions. Food Hydrocoll. 2020, 106, 105870. [CrossRef]

24. Wang, J.; Liu, C.; Shuai, Y.; Cui, X; Nie, L. Controlled release of anticancer drug using graphene oxide as a drug-binding effector
in konjac glucomannan/sodium alginate hydrogels. Colloid Surface B. 2014, 113, 223-229. [CrossRef]

25. Yuan, C.; Zou, Y.; Cui, B,; Fang, Y.; Lu, L.; Xu, D. Influence of cyclodextrins on the gelation behavior of k-carrageenan/konjac
glucomannan composite gel. Food Hydrocoll. 2021, 120, 106927. [CrossRef]

26. Ma, X,; Xu, T.; Chen, W,; Wang, R.; Xu, Z.; Ye, Z.; Chi, B. Improvement of toughness for the hyaluronic acid and adipic acid
dihydrazide hydrogel by PEG. Fiber Polym. 2017, 18, 817-824. [CrossRef]

27. Liu, Q.; Zhan, C.; Barhoumi, A.; Wang, W.; Santamaria, C.; McAlvin, ]J.B.; Kohane, D.S. A Supramolecular Shear-Thinning
Anti-Inflammatory Steroid Hydrogel. Adv. Mater. 2016, 28, 6680—-6686. [CrossRef]

28. Rad, E.R; Vahabi, H.; Formela, K.; Saeb, M.R.; Thomas, S. Injectable poloxamer/ graphene oxide hydrogels with well-controlled

mechanical and rheological properties. Polym. Advan. Technol. 2019, 30, 2250-2260. [CrossRef]


http://doi.org/10.1007/s10856-020-06390-w
http://www.ncbi.nlm.nih.gov/pubmed/32451785
http://doi.org/10.1039/c3tb20600a
http://www.ncbi.nlm.nih.gov/pubmed/32261020
http://doi.org/10.1016/j.msec.2020.111023
http://www.ncbi.nlm.nih.gov/pubmed/32994021
http://doi.org/10.1038/nature11409
http://doi.org/10.1016/j.foodhyd.2020.105702
http://doi.org/10.1016/j.ijbiomac.2019.07.045
http://doi.org/10.3390/ijms18112250
http://doi.org/10.1016/j.carbpol.2017.11.029
http://doi.org/10.1016/j.polymer.2005.05.041
http://doi.org/10.17221/1930-VETMED
http://doi.org/10.1021/acs.biomac.1c00927
http://doi.org/10.1016/j.cej.2019.123775
http://doi.org/10.3390/molecules25112649
http://doi.org/10.1080/00914037.2016.1201828
http://doi.org/10.1016/j.actbio.2012.09.039
http://doi.org/10.1016/j.eurpolymj.2019.109288
http://doi.org/10.1023/A:1015866104055
http://doi.org/10.1016/j.carbpol.2020.116045
http://doi.org/10.1016/j.foodhyd.2016.09.039
http://doi.org/10.1016/j.ijbiomac.2019.07.014
http://doi.org/10.1016/j.ijbiomac.2021.06.113
http://doi.org/10.1016/j.carbpol.2020.116922
http://doi.org/10.1016/j.foodhyd.2020.105870
http://doi.org/10.1016/j.colsurfb.2013.09.009
http://doi.org/10.1016/j.foodhyd.2021.106927
http://doi.org/10.1007/s12221-017-6986-1
http://doi.org/10.1002/adma.201601147
http://doi.org/10.1002/pat.4654

Polymers 2022, 14, 927 13 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mu, R.; Wang, L.; Du, Y,; Yuan, Y.; Ni, Y.; Wu, C.; Pang, ]. Synthesis of konjac glucomannan-silica hybrid materials with honeycomb
structure and its application as activated carbon support for Cu(Il) adsorption. Mater. Lett. 2018, 226, 75-78. [CrossRef]

Franga, C.G.; Plaza, T.; Naveas, N.; Santana, M.H.A.; Manso-Silvan, M.; Recio, G.; Hernandez-Montelongo, J. Nanoporous silicon
microparticles embedded into oxidized hyaluronic acid/adipic acid dihydrazide hydrogel for enhanced controlled drug delivery.
Micropor. Mesopor. Mater. 2021, 310, 110634. [CrossRef]

Tang, J.; Chen, J.; Guo, J.; Wei, Q.; Fan, H. Construction and evaluation of fibrillar composite hydrogel of collagen/konjac
glucomannan for potential biomedical applications. Regen. Biomater. 2018, 5, 239-250. [CrossRef]

Jiang, Y;; Reddy, C.K.; Huang, K.; Chen, L.; Xu, B. Hydrocolloidal properties of flaxseed gum/konjac glucomannan compound
gel. Int. ]. Biol. Macromol. 2019, 133, 1156-1163. [CrossRef]

Wang, S.; Chi, J.; Jiang, Z.; Hu, H.; Yang, C.; Liu, W.; Han, B. A self-healing and injectable hydrogel based on water-soluble
chitosan and hyaluronic acid for vitreous substitute. Carbohydr. Polym. 2021, 256, 117519. [CrossRef]

Li, H.; Wu, B.; Mu, C,; Lin, W. Concomitant degradation in periodate oxidation of carboxymethyl cellulose. Carbohydr. Polym.
2011, 84, 881-886. [CrossRef]

Shoaib, T.; Espinosa-Marzal, R.M. Influence of Loading Conditions and Temperature on Static Friction and Contact Aging of
Hydrogels with Modulated Microstructures. ACS Appl. Mater. Inter. 2019, 11, 2610-2616. [CrossRef]

Johnson, K.; Muzzin, N.; Toufanian, S.; Slick, R.A.; Lawlor, M.W.; Seifried, B.; Moquin, P.; Latulippe, D.; Hoare, T. Drug-
impregnated, pressurized gas expanded liquid-processed alginate hydrogel scaffolds for accelerated burn wound healing. Acta
Biomater. 2020, 112, 101-111. [CrossRef]

Yuan, Y.; Wang, L.; Mu, R.; Gong, J.; Wang, Y.; Li, Y.; Ma, J.; Pang, J.; Wu, C. Effects of konjac glucomannan on the structure,
properties, and drug release characteristics of agarose hydrogels. Carbohydr. Polym. 2018, 190, 196-203. [CrossRef]

Wang, L.; Du, Y,; Yuan, Y,; Mu, R;; Gong, J.; Ni, Y,; Pang, J.; Wu, C. Mussel-inspired fabrication of konjac glucoman-
nan/microcrystalline cellulose intelligent hydrogel with pH-responsive sustained release behavior. Int. ]. Biol. Macromol.
2018, 113, 285-293. [CrossRef]

Sun, J.; Jiang, H.; Li, M.; Lu, Y,; Du, Y.; Tong, C.; Pang, J.; Wu, C. Preparation and characterization of multifunctional konjac
glucomannan/carboxymethyl chitosan biocomposite films incorporated with epigallocatechin gallate. Food Hydrocoll. 2020,
105, 105756. [CrossRef]


http://doi.org/10.1016/j.matlet.2018.04.133
http://doi.org/10.1016/j.micromeso.2020.110634
http://doi.org/10.1093/rb/rby018
http://doi.org/10.1016/j.ijbiomac.2019.04.187
http://doi.org/10.1016/j.carbpol.2020.117519
http://doi.org/10.1016/j.carbpol.2010.12.026
http://doi.org/10.1021/acsami.9b14283
http://doi.org/10.1016/j.actbio.2020.06.006
http://doi.org/10.1016/j.carbpol.2018.02.049
http://doi.org/10.1016/j.ijbiomac.2018.02.083
http://doi.org/10.1016/j.foodhyd.2020.105756

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of OHA 
	Oxidation Rate Determination 
	Preparation of Hydrogels 
	Preparation of EGCG-Loaded Hydrogels 
	FT-IR Characterization 
	Rheological Test 
	Scanning Electron Microscopy (SEM) 
	Swelling Properties of Hydrogels 
	In Vitro Degradation Rate (DR) 
	EGCG Loading Determination 
	In Vitro Release Studies 

	Result and Discussion 
	Characterization of OHA 
	Appearance Characteristics of Hydrogels 
	FT-IR Spectra of Hydrogels 
	Rheological Analysis of Hydrogels 
	SEM Analysis 
	Swelling Properties 
	In Vitro Degradation Rate 
	Load and Release Behavior of Hydrogels 

	Conclusions 
	References

