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Abstract: The application of sericin hydrogels is limited mainly due to their poor mechanical strength,
tendency to be brittle and inconvenient sterilization. To address these challenges, a sericin hydrogel
exhibiting outstanding physical and chemical properties along with cytocompatibility was prepared
through crosslinking genipin with degraded sericin extracted from fibroin deficient silkworm cocoons
by the high temperature and pressure method. Our reported sericin hydrogels possess good elasticity,
injectability, and robust behaviors. The 8% sericin hydrogel can smoothly pass through a 16 G needle.
While the 12% sericin hydrogel remains intact until its compression ratio reaches 70%, accompanied
by a compression strength of 674 kPa. 12% sericin hydrogel produce a maximum stretch of 740%,
with breaking strength and tensile modulus of 375 kPa and 477 kPa respectively. Besides that, the
hydrogel system demonstrated remarkable cell-adhesive capabilities, effectively promoting cell
attachment and, proliferation. Moreover, the swelling and degradation behaviors of the hydrogels
are pH responsiveness. Sericin hydrogel releases drugs in a sustained manner. Furthermore, this
study addresses the challenge of sterilizing sericin hydrogels (sterilization will inevitably lead to
the destruction of their structures). In addition, it challenges the prior notion that sericin extracted
under high temperature and pressure is difficult to directly cross-linked into a stable hydrogel.
This developed hydrogel system in this study holds promise to be a new multifunctional platform
expanding the application area scope of sericin.

Keywords: hydrogel; high temperature and pressure; degraded sericin; robustness

1. Introduction

Polymer hydrogels, characterized by with three-dimensional network structure con-
taining a large amount of water, have garnered persistent attention in biomedical fields
by acting as multifunctional platforms for tissue engineering [1], drug delivery [2], cell
modulation [3], optical devices [4], and biosensors [5]. Hydrogels formed by natural biolog-
ical materials were favored in the biomedical field due to their excellent biocompatibility
and bioactivities [6]. Recently, sericin, a natural non-immunogenic protein with multiple
biological activities, has received great attention and is considered as a new promising
candidate for fabricating hydrogel [1].

Sericin, a bioactive protein containing many polypeptides with varying molecular
weights, is produced from the middle silk gland of silkworms. Sericin is abundance
in resources and yield. It is estimated that there are more than thousands of silkworm
strains and the annual output of sericin is over 50,000 tons in the world [7,8]. Silkworms
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are classified into two categories: wild-type or fibroin-deficient mutant [9,10]. The co-
coons of wild-type silkworms contain high amounts of fibroin (approximately 75%) [11].
Currently, the existing extracting methods for sericin from wild-type cocoons involve
harsh degumming, resulting in the degradation of sericin and the formation of a highly
water-soluble structure. This degraded sericin is difficult to form stable hydrogel net-
work [1]. Generally, the degraded sericin is mixed into other polymers (polyacrylamide [12],
poly(N-isopropylacrylamide) [13], chitosan [14–16], Poly(vinyl alcohol) [17,18], sodium algi-
nate [19,20], agar [21], poly(ethylene glycol) dimethacrylate [21], collagen [22], gelatin [23])
hydrogel systems to improve their physical-chemical properties or biological activities.

For a long time, it is a challenge to fabricate pure sericin hydrogels with stable net-
works. Until the early 21st century, the fibroin-deficient mutant cocoons (e.g., Sericin hope,
140 Nd-s) without fibroin were developed to obtain intact and non-degraded sericin by
a gentle extraction method (for example, LiBr) [8,24]. This type of sericin was prone to
form stable hydrogel networks by chemical crosslinking agents or physical factors. A
series of sericin hydrogels were successfully developed based on such sericin by treating
using glutaraldehyde [8], genipin [25], and physical sonication [2]. However, it is difficult
to obtain high concentration of native sericin from cocoons through the mild extracting
process at present. These sericin hydrogels are poor in elastic modulus and inconvenient
for sterilization (the structure of sericin hydrogels would be unavoidably destroyed un-
der existing sterilization methods [26]), resulting in seriously restricting their practical
applications. To address these problems, the high temperature and pressure method is
employed to extract high-content sericin solution from fibroin-deficient cocoons powder
for fabricating a sterile hydrogel with high hardness, avoiding the subsequent complex
sterilization processes. Depressingly, this hydrogel is brittle and fragile [26]. Furthermore,
we fabricated a robust sericin hydrogel based on a high concentration native sericin iso-
lated from fibroin-deficient silkworm bodies [27]. But some problems in this hydrogel
system still exist, including laborious sericin extraction processes and inconvenient steril-
ization, thus limiting its application. Now, it is still a challenge to fabricate a sterile robust
sericin hydrogel.

In this work, a new sericin hydrogel with excellent physical-chemical properties and
cytocompatibility was fabricated by a simple process. Once the sericin gelling reaction
system is placed in a bio-clean environment, a sterile and robust sericin hydrogel can be
fabricated directly. Our new hydrogel system overcomes the problem that sericin hydrogels
are difficult to be sterilized. Moreover, this sericin hydrogel possesses good elasticity,
injectability, and robust behaviors.

2. Results and Discussion
2.1. Synthesis and Mechanism of Sericin Hydrogels

The sericin hydrogel was formed by sericin which was isolated from yellow fibroin-
deficient mutant silkworm cocoons (180 Nd-s) using a high temperature and pressure
method. The detailed preparation process of sericin hydrogel was described in Figure 1.
A diffused electrophoretogram with vague bands ranging from 10~ > 180 kDa revealed
sericin was degraded seriously (Figure 2A) which was consistent with previously re-
ported [8]. Interestingly, in our previous study, we revealed that the solubility of sericin of
fibroin-deficient mutant silkworm cocoons in hot water is far higher than that of wild-type
silkworm cocoons [26]. Only a small amount of sericin protein can be dissolved in hot water
in the wild-type silkworm cocoons [28]. Intriguingly, the sericin in the cocoon powder could
be almost completely dissolved in our study. The results indicated that the compositions
of sericin solution in this study are different from that extracted from wild-type silkworm
cocoons. Previous reports argued that the sericin isolated from silkworm cocoons by harsh
extracting methods, including high temperature and pressure, is hard to crosslink into
stable sericin hydrogel due to its high degradation and water solubility [1]. To be excited,
we found such degraded sericin could form a robust hydrogel with excellent elasticity
(Supplementary Videos S1 and S2) in the presence of genipin. Why the degraded sericin
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can be crosslinked into a stable hydrogel by genipin? As we know, genipin is a popular
and biocompatible crosslinker for fabricating hydrogels or scaffolds by reacting with free
amino groups of polysaccharides or peptides [29]. To address this confusion, we deter-
mined the content of free amino end group and the amino acid composition of the sericin.
The results showed that the content of free amino end groups in the sericin isolated from
180 Nd-s was as high as 12 times that in the sericin extracted from wild-type silkworms
(Jingsong A) (Table 1). Sericin with higher content of free amino end groups provides more
opportunities to crosslink with genipin. Moreover, the higher content of free amino end
groups would raise the crosslink density between sericin and genipin. However, there
is little difference in amino acid composition of sericins between the wild-type silkworm
cocoons and fibroin-deficient mutant silkworm cocoons (Table 1, Figure 2B,C).
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Figure 1. The isolation, purification, and fabrication of the sterile and robust sericin hydrogel. Fibroin-
deficient cocoons were cut into powder by a grinder with high-speed blades. Next, the powder-ultra
water mixture was treated using high temperature and pressure. The soup was centrifuged to collect
the supernatant of the sericin solution. Then, the sericin solution was crosslinked with sterile genipin
dried from genipin solution that was sterilized by filtration using 0.22 µm membrane, forming a
robust sterile sericin hydrogels with dark blue.

Table 1. Free amino groups and amino acid composition of sericins isolated from wild-type silkworm
cocoons (Jingsong A) and fibroin deficient cocoons (180 Nd-s).

Free Amino Groups (in mol/kg)/Amino Acids (in Mole %) Sericin Isolated from Jingsong A Sericin Isolated from 180 Nd-s

Free amino groups 0.09 1.05
Serine 32.81 31.93

Aspartic acid 15.89 15.47
Glycine 10.28 9.68

Threonine 9.13 8.86
Glutamic acid 6.27 7.43

Tyrosine 5.03 5.64
Arginine 4.92 4.73

Lysine 3.49 3.62
Alanine 3.26 3.40
Valine 3.15 3.31

Histidine 1.79 1.72
Leucine 1.64 1.70

Isoleucine 0.87 0.87
Proline 0.73 0.81

Phenylalanine 0.63 0.71
Methionine 0.11 0.11

Cystine not detected not detected
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Figure 2. (A) The protein profile of sericin (left lane is marker and right lane is sericin). HPLC
chromatograms of sericin isolated from Jingsong A wild-type silkworm cocoons (B) and 180 Nd-s
fibroin-deficient silkworm cocoons (C). (D) The relationship between sericin concentration and
gelation time.

2.2. Gelation Kinetics of Sericin Hydrogels

The influence of sericin concentrations on the gelation rate of sericin hydrogels was
investigated. The results in Figure 2D revealed that the gelation time was shorted as the
sericin concentration increased. The gelation times can be adjusted from 13 to 80 min on
the basis of the sericin concentration.

2.3. The Micro-Architecture of Sericin Hydrogel

The micro-architecture of lyophilized sericin hydrogels was observed by scanning
electron microscopy (SEM). We analyzed the microstructure of 4%, 8%, 10%, and 12%
sericin hydrogels (Figure 3), followed by the calculation of pore size, porosity and pore wall
thickness. The results showed that the pore size of these hydrogel scaffolds is distributed
between 4.9 µm to 7.1 µm. Porosity was decreased as the concentrations of sericin solutions
was increased. The porosities of 4%, 8%, 10%, and 12% sericin hydrogel are 79%, 70%, 67%,
and 66%. respectively (Table 2). It is interesting that pore wall thickness of sericin hydrogel
is increased with the concentration of sericin solution increased.
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Table 2. The pore size, porosity and pore wall thickness of the different lyophilized sericin hydrogel
scaffolds were frozen at −196 ◦C.

Hydrogels 4% Sericin Hydrogel 8% Sericin Hydrogel 10% Sericin Hydrogel 12% Sericin Hydrogel

Pore size (µm) 4.9 ± 0.6 6.0 ± 1.9 6.7 ± 0.8 7.1 ± 1.5
Porosity (%) 79 ± 5 70 ± 4 67 ± 1 66 ± 3

Pore wall thickness (µm) 0.31 ± 0.1 0.68 ± 0.2 0.96 ± 0.3 1.39 ± 0.4

2.4. Swelling Characteristics of the Sericin Hydrogels

The swelling properties of hydrogels suggest the capacity to absorb water, which is
vital as it affects many aspects of a hydrogel (such as absorb water, volume and so on) [8,30].
Usually, the water absorption of hydrogels can be indicated by swelling properties. To
characterize the swelling properties of sericin hydrogels, we determined the swelling
dynamics of lyophilized sericin hydrogel at different pH (pH 3.0, pH 7.4, pH 11.0). The
results in Figure 4A exhibited the expansibility of 8% sericin hydrogel under different pH
conditions. During the first 12 h, the burst swelling appeared no matter what kind of pH
conditions. The reason for this phenomenon is that abundant hydrophilic groups contained
in sericin are easily combined with water molecules [31]. The first phase was followed
by a slowly increasing trend of swelling rate. The peaks of lyophilized sericin hydrogel
samples appeared within 100 h under acidic (pH 3.0) or neutral conditions (pH 7.4). Under
basic conditions (pH 7.4), the swelling peak occurred relatively late at 225 h. After a period
of water absorption and swelling, the swelling ratios of samples reached 400%, 700%,
and 800% at pH 3.0, pH 7.4, and pH 11.0, respectively. The results showed that swelling
behaviors of the sericin hydrogels are responsive to pH, which is consistent with that of
sericin hydrogels in our earlier reports [2,26,27].
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2.5. Degradability of the Sericin Hydrogels

Controlling the degradation of a hydrogel is important for drug release in vivo appli-
cation. A degradable hydrogel can release encapsulated bioactive molecules to exert its
functions. Here, the in vitro degradation behaviors of sericin hydrogel under different pH
conditions were evaluated. As presented in Figure 4B, the degradation of sericin hydrogel
was the fastest at alkaline conditions (pH 11.0). The cumulative degradation rate was
85.2% within 3 weeks. While the cumulative degradation rates of sericin hydrogel under
neutral conditions (pH 7.4) and acidic conditions (pH 3.0) were 63.7% and 24.5% within
5 weeks, respectively. In agreement with the sericin hydrogels previously reported, the
sericin hydrogel had an apparent response to pH. The cause was ascribed to the sericin with
pI of 4 and containing abundant acidic amino acids [32]. Compared with self-assembled
sericin hydrogel [26], the hydrogel formed by covalent crosslinking in this study has a
longer life and better stability in aqueous solution. It shows that covalently crosslinked
hydrogels are more stable than self-assembly hydrogels. The reason is that peptide chains
in sericin can be covalently bounded by genipin to form more stable compounds. Further,
degradation dynamics of the hydrogel in vivo were carried out in C57BL/6 mice. The life
span of hydrogel was over 5 weeks in vivo (Figure 4C). The results gave evidence that the
sericin hydrogel has a stable network for further evaluating the controlled drug release.

2.6. Drug Release of Sericin Hydrogels

The sustained delivery systems could maintain drugs with a sustained release behavior
and prolong therapeutic effect, thus improving their utilization [33]. Hydrogels are a type
of most important biomaterials for drug delivery. In this study, we employed horseradish
peroxidase (HRP) as a model drug to evaluate the drug release kinetics of the sericin
hydrogel. Then the drug release profile of HRP from the sericin hydrogel was monitored.
As shown in Figure 4D, HRP burst release appeared within the beginning of 6 h, which
was consistent with previous reports [2,8]. Then the release rate of HRP slowed down over
time. The cumulative release rate of HRP reached approximately 60% within 192 h. The
results indicated that sericin hydrogel has great potential in drug delivery.

2.7. Secondary Structure and Crystallinity of Sericin Hydrogels

The Fourier transformation infrared spectroscopy (FTIR) and X-ray diffraction (XRD)
are used to evaluate the structure of proteins or polypeptides. The structure of a protein
was revealed in terms of its characteristic absorption band based on stretching vibrations of
the structure repeat. The absorption bands used for analyzing protein secondary structure
include amide I, amide II, amide III, and amide V. The amide I (1700–1600 cm−1) represents
the C=O stretching vibration of peptide bonds. The amide II (1600–1500 cm−1) is mainly
generated by N–H stretching vibration and C–N stretching vibration of amino acids. The
absorption peak of amide III (1330–1220 cm−1) mainly comes from C–N stretching vibration
coupled with amino acid N–H in-plane bending vibration. The amide V (800–640 cm−1) is
mainly determined by the N–H stretching vibration outside the plane. Among them, amide
I is most sensitive to change in the secondary structure of proteins. Hence, amide I is most
useful to analyze the secondary structure of proteins [34–39]. Generally, the characteristic
absorption peaks of β -folding, random coil and α-helix in the amide I are located at
1630 cm−1, 1645 cm−1, and 1655 cm−1, respectively. In order to clarify the composition
of secondary structure in sericin before and after gel, amide I of samples was analyzed.
As shown in Figure 5A–C, the peak position of the amide I band shifted from 1655 cm−1

to 1654 cm−1 after gel by comparing the spectra of sericin solution with sericin hydrogel.
According to the fitting curve values, the secondary structure of sericin before and after
gel formation was shown in Table 3. Notably, both α-helix and β-sheet in sericin were
increased greatly after gel, indicating that sericin polypeptides were transformed into more
stable networks by crosslinking with genipin [26].
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Table 3. The secondary structure compositions of sericin protein before and after gel formation.

Secondary Structure A-Helix Random Coil β-Sheet β-Turn

Ratio
(%)

Sericin powder 21.95 30.50 25.74 21.81
Sericin hydrogel 25.74 26.46 32.85 14.95

The crystalline structure of sericin was determined by X-ray diffraction. The diffraction
peaks of sericin powder and sericin hydrogel were at 19.72◦ and 19.68◦ (Figure 5D). This
change may be contributed to the conversion of the random coil into β-sheet structure in
sericin [26].

2.8. Mechanical Stability of Sericin Hydrogels

Mechanical property is one of the key parameters to be evaluated for hydrogel materi-
als. The compression test results as shown in Figure 6A–C and Supplementary Video S1
(right column), S2. The compressive modulus of hydrogel was increase with increasing
the concentration of sericin. The compressive moduli of the 3%, 4%, 8%, 10%, and 12%
hydrogels were 25, 75, 289, 311, and 434 kPa respectively (Figure 6A,B). High concentration
hydrogel with higher compressive moduli may be caused by its lower porosity and thicker
pore wall (Figure 3, Table 2). The 8% hydrogel remained intact when its compression ratio
was above 50%. Once the external force was removed, the hydrogel sample could recover to
over 95.0% of the original (Figure 6C and Supplementary Video S1 (right column)). The 12%
sericin hydrogel was unbroken until its compression ratio reached 70%, and accompanied
with the compression strength of 674 KPa (Figure 6C and Supplementary Video S2). The
above results suggested that the hydrogels formed by degraded sericin own excellent



Gels 2023, 9, 948 8 of 15

hardness and elasticity. In addition, the maximum stretch of 12% sericin hydrogel could
reach 740%, and the breaking strength was 375 kPa in the tensile test. The tensile modulus
of the 12% hydrogel is up to 477 kPa (Figure 6B and Supplementary Video S3). These
parameters were much higher than that of pure sericin hydrogel formed by sericin isolated
from cocoons reported in previous studies [18], indicating that the sericin hydrogel had
excellent mechanical properties.
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concentrations (n = 3 per group; ANOVA test; * p < 0.05 ** p < 0.01). (C) The state of 8% sericin
hydrogel under pressure and removal of external force. (D) The compression stress-strain curve of
12% sericin hydrogel. (E) The tensile stress-strain curve of 12% sericin hydrogel. (F) The 12% sericn
hydrogel was stretched to 7.4 times its initial length in a tensile test. λ is ratio of the distance between
the two clamps when the gel is formed to the distance when the gel is undeformed. All the tests were
performed at an extension rate of 5 mm/min. (G) The letter “S” were formed by injection.

2.9. Syringe-Injectable Property of Sericin Hydrogels

Injectable hydrogel systems are attractive in local drug delivery by providing a 3D
hydrogel network within the target tissue capable of sustained release of the chemother-
apeutics for increasing the therapeutic index [40,41]. Sericin is widely studied for the
synthesis of injectable in situ-forming hydrogels because of ready availability, presence of
modifiable functional groups, biocompatibility, and other physiochemical properties [7].
Prior to this study, a few injectable sericin hydrogels were fabricated by low-concentration
native sericin isolated from fibroin-deficient cocoons via a mild extracting method (LiBr). In
this paper, we propose the problem that whether degraded sericin can be fabricated as an
injectable hydrogel. Herein, we used the syringe to evaluate the injectability of the sericin
hydrogels formed by sericin with different concentrations. The results showed that the
sericin hydrogels formed by sericin solutions at concentration 8% was smoothly through
16 G needles (Figure 6G, Supplementary Video S4).

2.10. Cells Adhesion and Proliferation of the Hydrogels

To evaluate the cytocompatibility of the sericin hydrogel, we seeded mouse fibroblast
cells (NIH3T3) on the sericin hydrogels. Then, cell adhesion and proliferation of the sericin
hydrogel was evaluated. The results showed that there was no significant difference in cell
adhesion between sericin hydrogel and polystyrene tissue culture plate (Figure 7A). The
cell viabilities on the sericin hydrogels have no great difference with the cells on polystyrene
tissue culture plate (Figure 7B). Furthermore, a large number of proliferative cells were
observed on the sericin hydrogel after 3 days seeding, indicating that the sericin hydrogel
could promote the growth and proliferation of NIH3T3 cells (Figure 7C). Together, the
sericin hydrogel possess excellent cell adhesion and biocompatibility, which can serve as a
promising cell carrier for supporting cell survival and proliferation.

Gels 2023, 9, x FOR PEER REVIEW 11 of 16 

Figure 7. Cytocompatibility evaluation of the sericin hydrogel. (A, B) Quantification comparison of
the cell adhesion (A) and cell viability (B) between NIH3T3 cells on the culture dishes and the sericin 
hydrogels. ns, not significant. (C) The morphology and proliferation of mouse NIH3T3 fibroblast
growing on the culture dishes (upper panel) and the sericin hydrogel (lower panel). Scale bars, 100 
µm. 

3. Conclusions 
A sterile sericin hydrogel with excellent physicochemical properties and biocompat-

ibility was successfully fabricated in this study. Prior to our study, various attempts were
reported for fabricating pure sericin hydrogels based on sericin isolated from silkworm 
cocoons or silkworm bodies [2,8,25–27]. Compared with these sericin hydrogels, our seri-
cin hydrogel system has several advantages: (1) A sterile sericin hydrogel with injectabil-
ity, good elasticity, and robust behaviors can be fabricated directly. (2) This hydrogel sys-
tem breaks the previous idea that sericin extracted by high temperature and pressure is 
difficult to cross-link directly into a stable hydrogel. (3) This hydrogel system retained the 
small molecular bioactivity polypeptides of silkworm cocoons. Sericin in silkworm co-
coons is comprised of a variety of polypeptides with different molecular weights. Many 
small polypeptides would be discarded inevitably during extracting sericin process at di-
alysis. (4) The hydrogel production process is simple and efficient. Besides, the gelation 

Figure 7. Cont.



Gels 2023, 9, 948 10 of 15

Gels 2023, 9, x FOR PEER REVIEW 11 of 16 

Figure 7. Cytocompatibility evaluation of the sericin hydrogel. (A, B) Quantification comparison of
the cell adhesion (A) and cell viability (B) between NIH3T3 cells on the culture dishes and the sericin 
hydrogels. ns, not significant. (C) The morphology and proliferation of mouse NIH3T3 fibroblast
growing on the culture dishes (upper panel) and the sericin hydrogel (lower panel). Scale bars, 100 
µm. 

3. Conclusions 
A sterile sericin hydrogel with excellent physicochemical properties and biocompat-

ibility was successfully fabricated in this study. Prior to our study, various attempts were 
reported for fabricating pure sericin hydrogels based on sericin isolated from silkworm 
cocoons or silkworm bodies [2,8,25–27]. Compared with these sericin hydrogels, our seri-
cin hydrogel system has several advantages: (1) A sterile sericin hydrogel with injectabil-
ity, good elasticity, and robust behaviors can be fabricated directly. (2) This hydrogel sys-
tem breaks the previous idea that sericin extracted by high temperature and pressure is 
difficult to cross-link directly into a stable hydrogel. (3) This hydrogel system retained the 
small molecular bioactivity polypeptides of silkworm cocoons. Sericin in silkworm co-
coons is comprised of a variety of polypeptides with different molecular weights. Many 
small polypeptides would be discarded inevitably during extracting sericin process at di-
alysis. (4) The hydrogel production process is simple and efficient. Besides, the gelation 

Figure 7. Cytocompatibility evaluation of the sericin hydrogel. (A,B) Quantification comparison of
the cell adhesion (A) and cell viability (B) between NIH3T3 cells on the culture dishes and the sericin
hydrogels. ns, not significant. (C) The morphology and proliferation of mouse NIH3T3 fibroblast
growing on the culture dishes (upper panel) and the sericin hydrogel (lower panel). Scale bars,
100 µm.

3. Conclusions

A sterile sericin hydrogel with excellent physicochemical properties and biocompati-
bility was successfully fabricated in this study. Prior to our study, various attempts were
reported for fabricating pure sericin hydrogels based on sericin isolated from silkworm
cocoons or silkworm bodies [2,8,25–27]. Compared with these sericin hydrogels, our sericin
hydrogel system has several advantages: (1) A sterile sericin hydrogel with injectability,
good elasticity, and robust behaviors can be fabricated directly. (2) This hydrogel system
breaks the previous idea that sericin extracted by high temperature and pressure is difficult
to cross-link directly into a stable hydrogel. (3) This hydrogel system retained the small
molecular bioactivity polypeptides of silkworm cocoons. Sericin in silkworm cocoons is
comprised of a variety of polypeptides with different molecular weights. Many small
polypeptides would be discarded inevitably during extracting sericin process at dialysis.
(4) The hydrogel production process is simple and efficient. Besides, the gelation time can
be controlled by adjusting sericin concentrations. The hydrogel also owns the satisfactory
performance of swelling properties, high porosity, sustained drug release, and promoting
cell adhesion and proliferation. The new sericin hydrogel system in this study has guiding
significance for further expanding and enriching sericin hydrogel applications.

4. Materials and Methods
4.1. Materials

The fresh cocoons were produced by 180 Nd-s fibroin-deficient mutant silkworms that
were preserved in our lab. Genipin (purity ≥ 98%) was obtained from Linchuan Zhixin
Biotechnology Co., Ltd. (Wuzhou, China). Ninhydrin and horseradish peroxidase (HRP)
were supplied by BBI life sciences (Shanghai, China).

4.2. Extraction of Sericin Solution

Sericin was isolated from 180 Nd-s cocoons in the light of our earlier established
protocol [26]. Briefly, the cocoons were powdered, and then the powder was thoroughly
mixed with ultrapure water. The mixture underwent treatment at 121 ◦C for 30 min. The
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obtained soup was centrifuged at 5000 rpm for 5 min to collect the supernatant sericin
solution. The concentration of sericin solution was determined by the oven drying method,
and the molecular weight distribution of sericin was detected by SDS-page method.

4.3. Free Amino Group Content Detection

The quantification of free amino groups in the sericin was determined by ninhydrin
colorimetry method according to the previous report with mild modifications [42]. Firstly,
glycine, a reference standard, was dissolved and diluted into different concentrations
(0.01 mg/mL, 0.02 mg/mL, 0.03 mg/mL, 0.04 mg/mL, and 0.05 mg/mL) of solution using
ultra-pure water. The mixture of glycine solution, ninhydrin ethanol solution (2%, w/v,)
and PBS (pH 6.8) were prepared at a constant volume ratio of 1:2:2. Then the mixture was
bathed in a hot water at 100 ◦C for 15 min. After that, the samples were taken out and
cooled at room temperature. The absorbance value of samples at 570 nm was performed on
a spectrophotometer. A linear standard curve was drawn, plotting the average absorbance
values obtained for the mixture triplicate values against the standard glycine concentration.
Then the glycine solution was replaced by sericin solution in the above reaction system and
the absorbance values of sericin solution samples were obtained. At last, these absorbance
values were brought into standard curve equation and then the free amino group content
in the sericin solution can be worked out.

4.4. Amino Acid Analysis

The amino acid composition of sericin was detected by using high-performance liquid
chromatography (HPLC). Briefly, 1 g freeze-dried sericin sample was hydrolyzed by 20 mL
HCl (6 M) at 110 ◦C for 24 h in a blast drying oven. The hydrolyzed sample was transferred
into a colorimetric tube and diluted with deionized water to 25 mL when its temperature
drops to 25 ◦C. Next, 1 mL clear solution was collected and blow-dried in the water bath at
85 ◦C. After that, 1 mL water was added and blow-dried again. The 10 mL HCl (0.02 M) was
added and shaken well. Then, 500 µL solution was taken out and mixed with 250 µL phenyl
isothiocyanate acetonitrile (0.1 M) and 250 µL triethylamine acetonitrile (1 M). 1 h later,
2 mL n-hexane was added, and mixed well. The reacted sample was then placed statically
for a period. The lower solution was tested on a high-performance liquid chromatograph
(Agilent 1260, Agilent Technologies, Inc., Palo Alto, USA) after it was filtered through a
0.45 µm organic membrane filter.

4.5. Preparation of Sterile Robust Sericin Hydrogel

Genipin was diluted with ultra-water and filtered with a 0.22 µm filter membrane. Then
the genipin solution was dried in a sterile environment at 25 ◦C. The dried genipin was then
added into sericin solution according to a mole ratio of genipin to free amino groups in the
mixture was 1:2. Following by that, the mixture was mixed thoroughly and formed into a
hydrogel in a sterile environment at 25 ◦C. The hydrogel was defined as n% sericin hydrogel
in terms of the concentration of sericin solution in the reaction buffer for gelation.

4.6. Gelation Time of Sericin Hydrogel

Gelation time was performed as a previously described protocol [8]. The sericin
solution and genipin solution were mixed fully, followed by dropping them into a glass
vial. The gelation time was the period between time points of beginning mixing and the
mixture became viscous, preventing it from flowing down the vertical wall of the vial.

4.7. Scanning Electron Microscopy (SEM)

The samples were frozen with liquid nitrogen following by dried using a vacuum
drying equipment (FD-1A-80, Beijing Boyikang Experiment Instrument Co., Ltd., Beijing,
China) at −80 ◦C. The freeze-dried specimens were carried out on a scanning electron
microscopy (JSM-IT300, JEOL Ltd., Tokyo, Japan) and their pore sizes were analyzed using
Image J 1.8.0 software.
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4.8. Porosity Analyses

A frequently used liquid displacement method [26] was employed to detect the poros-
ity of the 8% sericin hydrogel samples. Firstly, the lyophilized sample was put into and
covered with a known volume (VK) of ultra-pure water for an hour. The total volume
of water containing hydrogel was denoted as VT. Then, the hydrogel sample was taken
out and volume of the residual water was recorded as VR. The porosity of the lyophilized
hydrogel sample was then calculated using the following equation:

porosity (%) =
VK − VR
VT − VR

× 100%

4.9. Evaluation of Swelling Behaviors and Degradation Dynamics

The swelling behavior of the 8% sericin hydrogel was assessed by a gravimetric
method [43]. Lyophilized hydrogels with known weight were submerged in phosphate-
buffered saline (PBS) with different pH (pH 3, pH 7.4, and pH 11) at 37 ◦C. The hydrogel
samples were taken out and weighted at predetermined intervals. The swelling ratios of
the lyophilized hydrogel scaffolds were calculated by:

Swelling(%) =
My − Mx

Mx
× 100%

where Mx and My are represent the dry weight and swollen weight of the scaffolds.
The in vitro degradation behavior of 8% sericin hydrogel was tested by a gravimetric

method. Briefly, the wet weight (Mwa) and dry weight (Mdb) of three randomly chosen
hydrogel samples were recorded. Then other dried hydrogels were soaked in PBS (pH 7.4)
at 37 ◦C and the PBS was refreshed every 24 h. The hydrogel samples were extracted,
washed, and dried at scheduled time points. The degradation ratios of hydrogels were
worked out by:

Deradation =
M0 × R − Md

M0 × R

where, M0, Md and R represent the initial sample’ wet weight of, the sample’ dry weight,
the ratio of Mdb and Mwa, and return.

The in vivo degradation behavior of sericin hydrogel was checked refering to a method
in previous report [44]. Female C57BL/6 mice (8 weeks old) were first anesthetized by
intraperitoneal administration of 10% chloral hydrate (5 µL/g·BW). Next, 8% hydrogel
samples (0.2 g per sample) were placed subcutaneously in mice. According to the pre-set
time points, the mice were euthanized, followed by resecting the implanted hydrogels and
washing carefully with ultra-pure water. Then, the resected samples were dried for further
analysis. All the animal experiments were approved and guided by the Ethics Committee
of Jiangsu University of Science & Technology (Zhenjiang, China).

4.10. The Release of Drug from Sericin Hydrogels

Horseradish peroxidase (HRP), utilized as a model drug, was employed to explore
controlled release behavior of the sericin hydrogels. HRP-contained hydrogel samples
were fabricated by mixing HRP (2 mg/mL) with sericin solution (8%, w/v) with genipin
at a volume ratio of 1:175. The samples were submerged in fresh PBS (pH 7.4) and kept
in a constant temperature incubator at 37 ◦C. The content of HRP in the PBS buffer was
detected by ELISA kit (Thermo Fisher, Shanghai, China).

4.11. Fourier Transform Infrared (FTIR) Spectroscopy and X-ray Diffraction

The FTIR spectra of the sericin dried hydrogels were carried out on a Fourier transform
infrared spectroscopy (Nexus, Thermal Nicolet, USA) and then analyzed by OPUS 5.5
software (Bruker Optics, GmbH, Frankfurt, Germany). The X-ray diffraction (XRD) scatter
of the hydrogel specimens was performed on a D8-Advance X-ray diffractometer (Bruker,
Mannheim, Germany).
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4.12. Mechanical Analysis

The mechanical properties of hydrogels were performed on universal testing machines.
Cylindrical hydrogel samples (diameter 8-mm, height 7-mm) and dumbbell shapes (gauge
length 15 mm, width 10 mm) were formed in different modes. Then, the former samples
were employed for stress-strain analysis and the latter were used for tension test. All the
tests were carried out at a constant velocity of 5 mm/min.

4.13. Syringe-Injectable Property

The 8% sericin hydrogel was formed in a syringe. Then, the injectability of the sericin
hydrogel was analyzed by a syringe with a 16 G needle.

4.14. In Vitro Cell Test

Cells were cultured on the sericin hydrogels formed in the cell-culture plates and
the cell-culture plates without hydrogel set as controls. Briefly, the 8% hydrogel samples
gelled in 24-well or 96-well culture clusters, followed by 5 rinses with fresh PBS (pH 7.4).
Subsequently, the hydrogel samples were rinsed 3 times with fresh high glucose DMEM
medium containing 10% fetal bovine serum before further use. Mouse embryonic fibroblasts
cells (NIH3T3) were cultured with high glucose DMEM medium in a cell incubator (5% CO2,
100% humidity, 37 ◦C). The cell adhesion behavior of sericin hydrogels was determined
according to a reported method [2]. NIH3T3 cells were cultured in 24-well cell culture
plates with 1 × 104 cells/well. Additionally, the CCK-8 kit (Dojindo, Kumamoto, Japan)
was employed to assess the viability of NIH3T3 cells cultured in the 96-well cell culture
plates at a density of 4 × 103 cells/well.

4.15. Statistical Analysis

All the experiments were repeated three times and the values were presented as
mean ± SD. The significance level between groups was produced by one-way analysis of
variance (ANOVA) and Turkey’s test. Image J software was used to analyze the microscopic
images. p < 0.05 was regarded statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9120948/s1, Videos S1–S4 (used for demonstrating elasticity,
robustness and injectability of the hydrogels).

Author Contributions: Y.Z.: Conceptualization, Supervision, Funding acquisition, Writing—review
& editing. S.W.: Investigation, Methodology, Validation. Y.L. (Yurong Li): Writing—original draft.
X.L.: Drawing. Z.D.: Methodology. S.L.: Investigation. Y.S.: Investigation. Y.L. (Yanyan Li):
Investigation. G.Z.: Methodology, Writing—review & editing. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Jiangsu province of China
(Grant No. BK20221291), China; China Agriculture Research System (Grant No. CARS-18-ZJ0107), China.

Institutional Review Board Statement: All the animal experiments were approved and guided by the
Ethics Committee of Jiangsu University of Science & Technology (Zhenjiang, China).

Data Availability Statement: The data presented in this study are openly available in article.

Conflicts of Interest: Yeshun Zhang is currently at Zhenjiang Zhongnong Biotechnology Co., Ltd.
The authors declare no competing financial interests.

References
1. Liu, J.; Shi, L.; Deng, Y.; Zou, M.Z.; Cai, B.; Song, Y.; Wang, Z.; Wang, L. Silk sericin-based materials for biomedical applications.

Biomaterials 2022, 287, 121638. [CrossRef]
2. Zhang, Y.S.; Jiang, R.L.; Fang, A.; Zhao, Y.Y.; Wu, T.F.; Cao, X.T.; Liang, P.S.; Xia, D.G.; Zhang, G.Z. A highly transparent, elastic,

injectable sericin hydrogel induced by ultrasound. Polym. Test. 2019, 77, 105890. [CrossRef]
3. Seliktar, D. Designing cell-compatible hydrogels for biomedical applications. Science 2012, 336, 1124–1128. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/gels9120948/s1
https://www.mdpi.com/article/10.3390/gels9120948/s1
https://doi.org/10.1016/j.biomaterials.2022.121638
https://doi.org/10.1016/j.polymertesting.2019.05.006
https://doi.org/10.1126/science.1214804
https://www.ncbi.nlm.nih.gov/pubmed/22654050


Gels 2023, 9, 948 14 of 15

4. Xiong, Z.; Kunwar, P.; Soman, P. Hydrogel-based diffractive optical elements (hDOEs) using rapid digital photopatterning. Adv.
Opt. Mater. 2021, 9, 2001217. [CrossRef] [PubMed]

5. Jung, I.Y.; Kim, J.S.; Choi, B.R.; Lee, K.; Lee, H. Hydrogel based biosensors for in vitro diagnostics of biochemicals, proteins, and
genes. Adv. Healthc. Mater. 2017, 6, 12. [CrossRef] [PubMed]

6. Ye, R.X.; Liu, S.Y.; Zhu, W.K.; Li, Y.R.; Huang, L.; Zhang, G.Z.; Zhang, Y.S. Synthesis, characterization, properties, and biomedical
application of chitosan-based hydrogels. Polymers 2023, 15, 2482. [CrossRef] [PubMed]

7. Kar, P.K.; Vijayan, K.; Mohandas, T.P.; Nair, C.V.; Saratchandra, B.; Thangavelu, K. Genetic variability and genetic structure of wild
and semi-domestic populations of tasar silkworm (Antheraea mylitta) ecorace Daba as revealed through ISSR markers. Genetica
2005, 125, 173–183. [CrossRef]

8. Wang, Z.; Zhang, Y.S.; Zhang, J.X.; Huang, L.; Liu, J.; Li, Y.K.; Zhang, G.Z.; Kundu, S.C.; Wang, L. Exploring natural silk protein
sericin for regenerative medicine: An injectable, photoluminescent, cell-adhesive 3D hydrogel. Sci. Rep. 2014, 4, 7064. [CrossRef]

9. Li, Y.W.; Wang, S.S.; Li, Y.R.; Zhang, G.Z.; Wu, T.F.; Wei, Y.K.; Cao, X.Y.; Yan, H.; Liang, P.S.; Yan, Z.H.; et al. Resveratrol loaded
native silk fiber-sericin hydrogel double interpenetrating bioactive wound dressing facilitates full-thickness skin wound healing.
Biomed. Mater. 2023, 18, 045007. [CrossRef]

10. Li, Y.R.; Wei, Y.; Zhang, G.Z.; Zhang, Y.S. Sericin from fibroin-deficient silkworms served as a promising resource for biomedicine.
Polymers 2023, 15, 2941. [CrossRef]

11. Cao, T.T.; Zhang, Y.Q. Processing and characterization of silk sericin from Bombyx mori and its application in biomaterials and
biomedicines. Mater. Sci. Eng. C 2016, 61, 940–952. [CrossRef] [PubMed]

12. Kundu, B.; Kundu, S.C. Silk sericin/polyacrylamide in situ forming hydrogels for dermal reconstruction. Biomaterials 2012, 33,
7456–7467. [CrossRef] [PubMed]

13. Zhang, Q.S.; Dong, P.P.; Chen, L.; Wang, X.Z.; Lu, S. Genipin-cross-linked thermosensitive silk sericin/poly(N-isopropylacrylamide)
hydrogels for cell proliferation and rapid detachment. J. Biomed. Mater. Res. A 2014, 102, 76–83. [CrossRef]

14. Sapru, S.; Das, S.; Mandal, M.; Ghosh, A.K.; Kundu, S.C. Nonmulberry silk protein sericin blend hydrogels for skin tissue
regeneration-in vitro and in vivo. Int. J. Biol. Macromol. 2019, 137, 545–553. [CrossRef] [PubMed]

15. Ma, Y.; Tong, X.L.; Huang, Y.M.; Zhou, X.; Yang, C.H.; Chen, J.C.; Dai, F.Y.; Xiao, B. Oral Administration of hydrogel-embedding
silk sericin alleviates ulcerative colitis through wound healing, anti-inflammation, and anti-oxidation. ACS Biomater. Sci. Eng.
2019, 5, 6231–6242. [CrossRef] [PubMed]

16. Pankongadisak, P.; Suwantong, O. The potential use of thermosensitive chitosan/silk sericin hydrogels loaded with longan seed
extract for bone tissue engineering. RSC Adv. 2018, 8, 40219–40231. [CrossRef] [PubMed]

17. Zhao, J.J.; Liu, D.C.; Yu, Y.H.; Tang, H. Development of gelatin-silk sericin incorporated with poly(vinyl alcohol) hydrogel-based
nanocomposite for articular cartilage defects in rat knee joint repair. J. Biomed. Nanotechnol. 2021, 17, 242–252. [CrossRef]
[PubMed]

18. Yamdej, R.; Pangza, K.; Srichana, T.; Aramwit, P. Superior physicochemical and biological properties of poly(vinyl alcohol)/sericin
hydrogels fabricated by a non-toxic gamma-irradiation technique. J. Bioact. Compat. Polym. 2017, 32, 32–44. [CrossRef]

19. Tao, G.; Cai, R.; Wang, Y.J.; Zuo, H.; He, H.W. Fabrication of antibacterial sericin based hydrogel as an injectable and mouldable
wound dressing. Mater. Sci. Eng. C 2021, 119, 111597. [CrossRef]

20. Jiang, L.B.; Ding, S.L.; Ding, W.; Su, D.H.; Zhang, F.X.; Zhang, T.W.; Yin, X.F.; Xiao, L.; Li, Y.L.; Yuan, F.L.; et al. Injectable sericin
based nanocomposite hydrogel for multi-modal imaging-guided immunomodulatory bone regeneration. Chem. Eng. J. 2021, 418,
129323. [CrossRef]

21. Tyeb, S.; Kumar, N.; Kumar, A.; Verma, V. Flexible agar-sericin hydrogel film dressing for chronic wounds. Carbohydr. Polym.
2018, 200, 572–582. [CrossRef]

22. Griffanti, G.; Jiang, W.; Nazhat, S.N. Bioinspired mineralization of a functionalized injectable dense collagen hydrogel through
silk sericin incorporation. Biomater. Sci. 2019, 7, 1064–1077. [CrossRef] [PubMed]

23. Tyeb, S.; Shiekh, P.A.; Verma, V.; Kumar, A. Adipose-derived stem cells (adscs) loaded gelatin-sericin-laminin cryogels for tissue
regeneration in diabetic wounds. Biomacromolecules 2020, 21, 294–304. [CrossRef] [PubMed]

24. Teramoto, H.; Nakajima, K.; Takabayashi, C. Preparation of elastic silk sericin hydrogel. Biosci. Biotechnol. Biochem. 2005, 69,
845–847. [CrossRef]

25. Song, Y.; Zhang, C.; Zhang, J.X.; Sun, N.; Huang, K.; Li, H.; Wang, Z.; Huang, K.; Wang, L. An injectable silk sericin hydrogel
promotes cardiac functional recovery after ischemic myocardial infarction. Acta. Biomater. 2016, 41, 210–223. [CrossRef] [PubMed]

26. Zhang, Y.S.; Zhao, Y.Y.; He, X.B.; Fang, A.; Jiang, R.L.; Wu, T.F.; Chen, H.G.; Cao, X.T.; Liang, P.S.; Xia, D.G.; et al. A sterile
self-assembled sericin hydrogel via a simple two-step process. Polym. Test. 2019, 80, 106016. [CrossRef]

27. Zhang, Y.S.; Wu, T.F.; Shen, C.Y.; Xu, G.; Chen, H.G.; Yan, H.; Xiong, M.; Zhang, G.Z. A robust sericin hydrogel formed by a native
sericin from silkworm bodies. Fibers Polym. 2022, 23, 1826–1833. [CrossRef]

28. Chirila, T.V.; Suzuki, S.; McKirdy, N.C. Further development of silk sericin as a biomaterial: Comparative investigation of the
procedures for its isolation from Bombyx mori silk cocoons. Prog. Biomater. 2016, 5, 135–145. [CrossRef]

29. Yu, Y.B.; Xu, S.; Li, S.M.; Pan, H. Genipin-cross-linked hydrogels based on biomaterials for drug delivery: A review. Biomater. Sci.
2021, 9, 1583–1597. [CrossRef]

30. Chyzy, A.; Plonska-Brzezinska, M.E. Hydrogel properties and their impact on regenerative medicine and tissue engineering.
Molecules 2020, 25, 5795. [CrossRef]

https://doi.org/10.1002/adom.202001217
https://www.ncbi.nlm.nih.gov/pubmed/33692935
https://doi.org/10.1002/adhm.201601475
https://www.ncbi.nlm.nih.gov/pubmed/28371450
https://doi.org/10.3390/polym15112482
https://www.ncbi.nlm.nih.gov/pubmed/37299281
https://doi.org/10.1007/s10709-005-7002-z
https://doi.org/10.1038/srep07064
https://doi.org/10.1088/1748-605X/acd318
https://doi.org/10.3390/polym15132941
https://doi.org/10.1016/j.msec.2015.12.082
https://www.ncbi.nlm.nih.gov/pubmed/26838924
https://doi.org/10.1016/j.biomaterials.2012.06.091
https://www.ncbi.nlm.nih.gov/pubmed/22819495
https://doi.org/10.1002/jbm.a.34670
https://doi.org/10.1016/j.ijbiomac.2019.06.121
https://www.ncbi.nlm.nih.gov/pubmed/31220499
https://doi.org/10.1021/acsbiomaterials.9b00862
https://www.ncbi.nlm.nih.gov/pubmed/33405530
https://doi.org/10.1039/C8RA07255H
https://www.ncbi.nlm.nih.gov/pubmed/35558221
https://doi.org/10.1166/jbn.2021.3024
https://www.ncbi.nlm.nih.gov/pubmed/33785095
https://doi.org/10.1177/0883911516653145
https://doi.org/10.1016/j.msec.2020.111597
https://doi.org/10.1016/j.cej.2021.129323
https://doi.org/10.1016/j.carbpol.2018.08.030
https://doi.org/10.1039/C8BM01060A
https://www.ncbi.nlm.nih.gov/pubmed/30629053
https://doi.org/10.1021/acs.biomac.9b01355
https://www.ncbi.nlm.nih.gov/pubmed/31771325
https://doi.org/10.1271/bbb.69.845
https://doi.org/10.1016/j.actbio.2016.05.039
https://www.ncbi.nlm.nih.gov/pubmed/27262742
https://doi.org/10.1016/j.polymertesting.2019.106016
https://doi.org/10.1007/s12221-022-4066-7
https://doi.org/10.1007/s40204-016-0052-8
https://doi.org/10.1039/D0BM01403F
https://doi.org/10.3390/molecules25245795


Gels 2023, 9, 948 15 of 15

31. Wang, F.F.; Li, Z.; Guo, J.Q.; Liu, L.; Fu, H.; Yao, J.M.; Krucinska, I.; Draczynski, Z. Highly strong, tough, and stretchable
conductive hydrogels based on silk sericin-mediated multiple physical interactions for flexible sensors. ACS Appl. Polym. Mater.
2022, 4, 618–626. [CrossRef]

32. Li, Y.W.; Wu, T.F.; Zhang, G.Z.; Fang, A.; Li, Y.Y.; Wang, S.S.; Yan, H.; Liang, P.S.; Lian, J.L.; Zhang, Y.S. A native sericin wound
dressing spun directly from silkworms enhances wound healing. Colloids Surf. B 2023, 225, 113228. [CrossRef] [PubMed]

33. Silva, K.; Carvalho, D.D.; Valente, V.; Rubio, J.; Faria, P.E.; Silva-Caldeira, P.P. Concomitant and controlled release of furazolidone
and bismuth(III) incorporated in a cross-linked sodium alginate-carboxymethyl cellulose hydrogel. Int. J. Biol. Macromol. 2018,
216, 359–366. [CrossRef] [PubMed]

34. Matsumoto, A.; Chen, J.; Collette, A.L.; Kim, U.J.; Altman, G.H.; Cebe, P.; Kaplan, D.L. Mechanisms of silk fibroin sol-gel
transitions. J. Phys. Chem. B 2006, 110, 21630–21638. [CrossRef] [PubMed]

35. Chuang, C.C.; Prasannan, A.; Hong, P.D.; Chiang, M.Y. Silk-sericin degummed wastewater solution-derived and nitrogen
enriched porous carbon nanosheets for robust biological imaging of stem cells. Int. J. Biol. Macromol. 2018, 107, 2122–2130.
[CrossRef] [PubMed]

36. Dash, R.; Ghosh, S.K.; Kaplan, D.L.; Kundu, S.C. Purification and biochemical characterization of a 70 kDa sericin from tropical
tasar silkworm, Antheraea mylitta. Comp. Biochem. Physiol. Part B 2007, 147, 129–134. [CrossRef] [PubMed]

37. Pelton, J.T.; Mclean, L.R. Spectroscopic methods for analysis of protein secondary structure. Anal. Biochem. 2000, 277, 167–176.
[CrossRef]

38. Ruggeri, F.S.; Longo, G.; Faggiano, S.; Lipiec, E.; Pastore, A.; Dietler, G. Infrared nanospectroscopy characterization of oligomeric
and fibrillar aggregates during amyloid formation. Nat. Commun. 2015, 6, 7831. [CrossRef]

39. Boulet-Audet, M.; Vollrath, F.; Holland, C. Identification and classification of silks using infrared spectroscopy. J. Exp. Biol. 2015,
218, 3138–3149. [CrossRef]

40. Mathew, A.P.; Uthaman, S.; Cho, K.H.; Cho, C.S.; Park, I.K. Injectable hydrogels for delivering biotherapeutic molecules. Int. J.
Biol. Macromo. 2018, 110, 17–29. [CrossRef]

41. Mohammadi, M.; Karimi, M.; Malaekeh-Nikouei, B.; Torkashvand, M.; Alibolandi, M. Hybrid in situ- forming injectable hydrogels
for local cancer therapy. Int. J. Pharm. 2022, 616, 121534. [CrossRef] [PubMed]

42. Fisher, G.H.; Arias, I.; Quesada, I.; D’Aniello, S.; Errico, F.; Fiore, M.M.D.; D’Aniello, A. A fast and sensitive method for measuring
picomole levels of total free amino acids in very small amounts of biological tissues. Amino Acids 2001, 20, 163–173. [CrossRef]
[PubMed]

43. Zhang, Y.S.; Chen, H.G.; Li, Y.L.; Fang, A.; Wu, T.F.; Shen, C.Y.; Zhao, Y.Y.; Zhang, G.Z. A transparent sericin-polyacrylamide
interpenetrating network hydrogel as visualized dressing material. Polym. Test. 2020, 87, 106517. [CrossRef]

44. Nishida, A.; Yamada, M.; Kanazawa, T.; Takashima, Y.; Ouchi, K.; Okada, H. Sustained-release of protein from biodegradable
sericin film, gel and sponge. Int. J. Pharm. 2011, 407, 44–52. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acsapm.1c01553
https://doi.org/10.1016/j.colsurfb.2023.113228
https://www.ncbi.nlm.nih.gov/pubmed/36889105
https://doi.org/10.1016/j.ijbiomac.2018.12.136
https://www.ncbi.nlm.nih.gov/pubmed/30572056
https://doi.org/10.1021/jp056350v
https://www.ncbi.nlm.nih.gov/pubmed/17064118
https://doi.org/10.1016/j.ijbiomac.2017.10.093
https://www.ncbi.nlm.nih.gov/pubmed/29051103
https://doi.org/10.1016/j.cbpb.2007.01.009
https://www.ncbi.nlm.nih.gov/pubmed/17350301
https://doi.org/10.1006/abio.1999.4320
https://doi.org/10.1038/ncomms8831
https://doi.org/10.1242/jeb.128306
https://doi.org/10.1016/j.ijbiomac.2017.11.113
https://doi.org/10.1016/j.ijpharm.2022.121534
https://www.ncbi.nlm.nih.gov/pubmed/35124117
https://doi.org/10.1007/s007260170057
https://www.ncbi.nlm.nih.gov/pubmed/11332451
https://doi.org/10.1016/j.polymertesting.2020.106517
https://doi.org/10.1016/j.ijpharm.2011.01.006
https://www.ncbi.nlm.nih.gov/pubmed/21238562

	Introduction 
	Results and Discussion 
	Synthesis and Mechanism of Sericin Hydrogels 
	Gelation Kinetics of Sericin Hydrogels 
	The Micro-Architecture of Sericin Hydrogel 
	Swelling Characteristics of the Sericin Hydrogels 
	Degradability of the Sericin Hydrogels 
	Drug Release of Sericin Hydrogels 
	Secondary Structure and Crystallinity of Sericin Hydrogels 
	Mechanical Stability of Sericin Hydrogels 
	Syringe-Injectable Property of Sericin Hydrogels 
	Cells Adhesion and Proliferation of the Hydrogels 

	Conclusions 
	Materials and Methods 
	Materials 
	Extraction of Sericin Solution 
	Free Amino Group Content Detection 
	Amino Acid Analysis 
	Preparation of Sterile Robust Sericin Hydrogel 
	Gelation Time of Sericin Hydrogel 
	Scanning Electron Microscopy (SEM) 
	Porosity Analyses 
	Evaluation of Swelling Behaviors and Degradation Dynamics 
	The Release of Drug from Sericin Hydrogels 
	Fourier Transform Infrared (FTIR) Spectroscopy and X-ray Diffraction 
	Mechanical Analysis 
	Syringe-Injectable Property 
	In Vitro Cell Test 
	Statistical Analysis 

	References

