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ABSTRACT: The main causes of failure for cartilage tissue
engineering implants are tissue integration, inflammation, and
infection. The development of biomaterials with antiforeign body
response (FBR) is of particular importance. Herein, we developed a
hydrogel loaded with anti-inflammatory drugs to reduce the
inflammatory response that follows implantation. The human
chondrocytes were used for in vitro study, and cell-laden hydrogel
samples were implanted with the backs of rabbits for in vivo study.
Soyasaponin Bb (SsBb) as a traditional Chinese medicine could
significantly (P < 0.05) downregulate the expression levels of
inflammation-related markers including iNOS, COX-2, and IL-6 in
chondrocytes induced by IL-1β through the NF-κB signaling
pathway. The in vitro experiments demonstrated that a gelatin-
methacryloyl (GelMA) hydrogel loaded with SsBb (SsBb/GelMA) could similarly reduce the gene and protein expression levels of
inflammation-related markers (iNOS, COX-2, and IL-6). The in vivo anti-inflammatory effects of the SsBb/GelMA hydrogels were
assessed by immunohistochemical staining. The results demonstrated that SsBb/GelMA hydrogels inhibited the inflammatory
response and downregulated the expression of the inflammatory cytokine IL-6. Therefore, SsBb/GelMA hydrogels are promising
candidates for promoting anti-inflammation and cartilage tissue regeneration of implant surfaces.

1. INTRODUCTION
The majority of cartilage abnormalities are caused by aging,
disease, or trauma-related cartilage lesions. The distinct
structural features of cartilage, such as its lack of blood
arteries, nerves, and lymphatic vessels, make full recovery from
damage exceedingly challenging.1 Current clinical treatments
including microfracture (marrow stimulation), autologous
chondrocyte implantation,2,3 and osteochondral autografts
are not very effective.4−6 In recent years, the rapid develop-
ment of tissue engineering has greatly promoted the process of
cartilage regeneration.7 However, the foreign body reaction
(FBR) significantly decreases the stability of cartilage
construction during the tissue engineering process. A series
of biological reactions known as FBR are caused by
implantable biomaterials that the host immune system
recognizes as a foreign object at the implant−host interface.
These reactions include strong inflammatory responses, the
formation of foreign-body giant cells, fibrosis, and ultimately
collagen encapsulation around the implants, which isolates the
implants from the host tissue.8−11

Following biomaterial implantation, the healing process is
comparable to wound healing in that the provisional matrix
acts initially. The provisional matrix is formed by the
deposition of blood proteins on the surface of biomaterials,
in which biologically active factors such as mitogens,
chemoattractants, cytokines, growth factors, etc., are present,

which provide a rich environment for inflammatory
response.11,12 Therefore, the development of anti-FBR
biomaterials is imperative. Anti-FBR biomaterials are required
to guarantee biocompatibility while facilitating tissue regener-
ation and repair and regulating the inflammatory milieu, which
includes inflammatory cytokines. Besides, the anti-FBR
biomaterials need to be easily synthesized, stably stored, and
transported with low cost.13−15 Hydrogels are a class of highly
hydrophilic, three-dimensional, lattice-like structured gels with
excellent biocompatibility and biodegradability. Hydrogels are
ideal vehicles for drug delivery and widely used in biomedical
applications.16,17 Gelatin-methacryloyl (GelMA) is a photo-
sensitive biomaterial synthesized from gelatin and methacrylic
anhydride (MA) with excellent biocompatibility and has been
widely used in various biological applications, including
scaffolds, tissue repair, and drug delivery.18,19

Soyasaponins (SSs) are the major phytochemicals found in
soybeans and soy products, categorized into several subtypes,
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including A, B, E, and DMMP (2,3-dihydro-2,5-dihydroxy-6-
methyl-4H-pyran-4-one).20 It has been shown that SSs have
biological properties that include anti-inflammatory, antiox-
idant, hepatoprotective, hypolipidemic, antiviral, and anti-
cancer effects.21 Soyasaponin Bb (SsBb), as one of the most
abundant subtypes in soybeans, has been shown to have anti-
inflammatory effects.22−24 SsBb not only downregulates the
expression levels of inflammation-related markers including IL-
6, COX-2, TNF-a, and IL18 but also inhibits matrix
degradation. However, the anti-inflammatory role of SsBb in
tissue-engineered cartilage construction has not been inves-
tigated. The systematic inflammation can be induced by
triggering IL-1β secretion through the inflammasome path-
way.25 Thus, IL-1β was used in this study to induce
inflammation. And the anti-inflammatory effect was then
explored by the addition of SsBb.

In this study, we demonstrated the anti-inflammatory effects
of SsBb in chondrocytes, which downregulates the expression
of inflammation-related markers through the NF-κB pathway.
SsBb can be used to regulate the tissue microenvironment,
reduce the FBR by implanted hydrogels, and promote tissue
repair and regeneration. The anti-inflammatory biomaterial
SsBb/GelMA hydrogel was constructed, and its physicochem-
ical properties were investigated. Furthermore, in vitro and in
vivo experiments were used to evaluate the anti-inflammatory
effects of SsBb/GelMA hydrogels.

2. RESULTS
2.1. Characterization of GelMA and SsBb/GelMA

Hydrogel. The surface morphology and structure of GelMA
and the SsBb/GelMA hydrogels were studied. The fabrication

process of the hydrogel is shown in Figure 1A. In order to
detect the internal structure of GelMA and SsBb/GelMA
hydrogel scaffolds, SEM was applied and confirmed the porous
structure of the two scaffolds (Figure 1B). The average pore
size of the GelMA hydrogel was 4.83 ± 0.11 μm, and that of
the SsBb/GelMA hydrogel was 4.29 ± 0.06 μm (Figure 1C).
The average pore size of GelMA hydrogels was larger than that
of SsBb/GelMA hydrogels with a statistically significant
difference.
2.2. Swelling, Degradation Ratio, and Mechanical

Strength of GelMA and SsBb/GelMA Hydrogel. To test
the swelling rate, both groups of hydrogels were soaked in PBS
for 12, 24, and 48 h (Figure 2A). Both groups of hydrogels
reached a maximum swelling ratio around 12 h, with a
maximum swelling ratio of 120% for GelMA and 118% for
SsBb/GelMA, indicating no significant difference. In the
degradation test within 28 days, both groups of hydrogels
underwent slow and stable degradation. At the 28th day, the
degradation rate of hydrogels in GelMA hydrogels reached
about 40%, while the degradation rate of SsBb/GelMA
hydrogels was slightly lower at 36% (Figure 2B).

To study the mechanical strength of GelMA and SsBb/
GelMA hydrogels, compression tests were carried out using a
universal mechanical testing machine (Figure 2C,D). The
compression ratios were 16.73 ± 0.55 KPa for the GelMA
hydrogels and 18.97 ± 0.31 KPa for the SsBb/GelMA
hydrogels. The compression stress of the SsBb/GelMA
hydrogels was stronger than that of the GelMA hydrogels
with a statistical difference.
2.3. Drug Release and Fourier Infrared Spectroscopy

of the SsBb/GelMA Hydrogel. High-performance liquid

Figure 1. Surface morphology and structure of hydrogels. (A) The process of cross-linking of GelMA hydrogels. (B) The SEM images of GelMA
and SsBb/GelMA hydrogels. (C) The average pore size of GelMA and SsBb/GelMA hydrogels. ***p < 0.001.
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chromatography (HPLC) was used to detect the drug release
of the SsBb/GelMA hydrogel. The maximum absorption
wavelength of SsBb is around 207 nm. SsBb in SsBb/GelMA
was continuously released during 21 days of the assay. Notably,
there was a sharp release of SsBb during 0−7 d. But after 7 d,
there was a slow release of SsBb, with the percentage of drug
release reaching 70% at the 21st day (Figure 2E).

As shown in Figure 2F, the curve directions of GelMA and
SsBb/GelMA hydrogels are roughly similar but slightly
different. It can be seen that in the SsBb/GelMA hydrogel
curve, the absorption peak representing the N−H stretching
vibration is shifted from 3282 to 3278 cm−1, which suggests
that hydrogen bonding has occurred between the substances,
resulting in the lengthening of the bond lengths of the N−H
and O−H bonds. Not only that, but also the intensity of the
absorption peak at 2974 cm−1 is weakened, while the intensity
of the absorption peaks representing the methylene stretching
vibration and the variable angle vibration at 2935 and 1446
cm−1 is increased, which is due to the introduction of the
methylene group in SsBb. A new absorption peak appeared at

1027 cm−1, which was caused by the stretching vibration of
herbal alcohol C−O. The results proved that SsBb was
successfully introduced into the GelMA hydrogel.
2.4. SsBb Inhibits Inflammation of Chondrocytes. To

determine the cytotoxic effect of SsBb, human passage 2 (P2)
chondrocytes were exposed to SsBb at different concentrations
(0, 1, 5, 10, 25, 50, and 100 μg/mL) and DMSO for 24, 48, or
72 h (Figure 3A). SsBb did not show significant cytotoxicity to
chondrocytes at a concentration below 10 μg/mL after 24, 48,
and 72 h. For subsequent studies, different concentrations (1,
5, and 10 μg/mL) of SsBb were used.

The effect of SsBb on IL-1β-mediated inflammation was
determined by assaying several inflammation-related markers
in human P2 chondrocytes. Elevated protein expression of
inflammation-related markers including iNOS, COX-2, and IL-
6 was confirmed by Western blot. In contrast, protein
expression levels were decreased with the treatment of SsBb
(Figure 3B,C). The q-PCR results were consistent with those
of Western blot analysis (Figure 3D). It is worth noting that
there was no statistical difference in the anti-inflammatory

Figure 2. Characterization of GelMA and SsBb/GelMA hydrogels. (A) Swelling test of GelMA and SsBb/GelMA hydrogels. (B) Degradation test
of GelMA and SsBb/GelMA hydrogels. (C,D) Compression test of GelMA and SsBb/GelMA hydrogels. (E) Drug release of the SsBb/GelMA
hydrogel. (F) Fourier infrared detection of GelMA and SsBb/GelMA hydrogels. **p < 0.01; ns, no significance.
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effects of the three groups of different concentrations.
Therefore, according to the principle of drug dosage
minimization, 1 μg/mL was chosen for the subsequent
experiments.
2.5. SsBb Inhibits Inflammation by the NF-κB Path-

way in Chondrocytes. We explored the pathways by which
SsBb inhibits inflammation in chondrocytes using RNA-Seq of
human chondrocytes from the control, IL-1β, and SsBb
groups. To thoroughly investigate the potential pathways
involved in the inflammatory responses, Fisher’s exact test was
employed for KEGG pathway analysis of these differentially
expressed genes (DEGs). The KEGG analysis showed that 39
KEGG pathways were significantly enriched for these DEGs (P
< 0.05), which mainly participated in pathways linked to the
inflammatory pathways, immune system, and infectious
diseases. The NF-κB signaling pathway is significant in the

immune- and inflammation-associated pathways (Figures S1
and S2). Based on the results of RNA-Seq, we examined the
NF-κB signaling pathway. It has been shown that the NF-κB
pathway is an important signaling pathway in the inflammatory
response. Therefore, we used Western blotting to analyze the
phosphorylation levels of p65 and iKBa. As shown in Figure
S3, SsBb-treated chondrocytes inhibited IL-1β-induced
phosphorylation of p65 and iKBa.
2.6. Biological Properties of the SsBb/GelMA Hydro-

gel. To test the toxicity of GelMA and SsBb/GelMA hydrogels
for cells, live/dead staining kits were used (Figure 4A,B). At 1
day of culture, most of the chondrocytes within the hydrogel
had a round or pike shape morphology. The cells began to
stretch and proliferate with time, and dead cells were very rare.
There was no significant difference in cell adhesion or
proliferation within the hydrogel between both groups.

Figure 3. Soyasaponin Bb’s protective effects against inflammation induced by IL-1β. (A) The human P2 chondrocytes were pretreated with
increasing concentrations of SsBb (1, 5, 10, 25, 50, and 100 μg/mL) for 24, 48, and 72 h and analyzed with a CCK-8 assay. (B,C) The cells were
treated with IL-1β (10 ng/mL) with or without SsBb (1, 5, and 10 μg/mL). The protein expression levels of iNOS, COX-2, and IL-6 were
determined using Western blotting. (D) q-PCR was used to determine the mRNA levels of iNOS, COX-2, and IL-6. Data are presented as the
mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001; ns, no significance.
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To detect cell proliferation on GelMA and SsBb/GelMA
hydrogels, the CCK-8 reagent was used. As shown in Figure
4C, cells cultured with GelMA and SsBb/GelMA hydrogel
leaching solution showed good cell viability within 72 h and
did not show a significant difference from the control.
2.7. In Vitro Inflammation Inhibition by the SsBb/

GelMA Hydrogel. Western blot and q-PCR were used to
detect the anti-inflammatory effects of SsBb/GelMA hydrogels
in vitro. The treatment of SsBb decreased the levels of
inflammation-related proteins, including iNOS, COX-2, and
IL-6, which were increased by IL-1β (Figure 5A−D). And the
q-PCR results were consistent with the results of Western blot
experiments (Figure 5E−G).
2.8. In Vivo Inflammatory Response by Histological

and Immunohistochemical Staining. We assessed the
inflammatory response around the hydrogel after 2 w, 4 w, and
8 w of implantation. Hematoxylin−eosin (H&E) staining
results confirmed that both groups of hydrogels showed
inflammatory response at the implant−host interface at 2
weeks (Figure 6B). However, the inflammatory reaction
around the SsBb/GelMA hydrogels was significantly reduced
at 4 and 8 weeks.

Toluidine blue staining was used to assess chondrogenically
differentiated cells and cartilaginous tissue maturity and
quality. The background of the tissue sections was blue,
while the cartilage area was purple-red. As shown in Figure 6C,
both groups of hydrogels showed no visible cartilage tissue
formation at 2 weeks and began to show cartilage formation at
4 weeks. It is noteworthy that the SsBb/GelMA hydrogels
showed more areas of positive staining at both 4 and 8 weeks.

This suggests that SsBb/GelMA hydrogel implants have higher
quality and a more stable cartilage formation.

Masson staining was used to assess the thickness of the
collagenous envelope around the hydrogel implants. As shown
in Figure 7A, both hydrogel implants were surrounded by a
layer of inflammatory cells at the hydrogel−host tissue
interface. The collagen thickness at the SsBb/GelMA hydro-
gel−tissue interface was significantly lower than that of the
GelMA hydrogel (Figure 7B−D).

Expression of the inflammatory cytokine IL-6 was detected
by immunohistochemistry (Figure 8A). Compared with the
GelMA hydrogel group, the SsBb/GelMA hydrogel group
exhibited lower IL-6 expression at all times of implantation,
with significant differences (Figure 8B−D).

3. DISCUSSION
The immune-inflammatory response after biomaterial implan-
tation has been reported to be an important factor hindering
tissue repair and regeneration.26,27 However, anti-inflammatory
biomaterials have not been fully developed.28 In this study, the
anti-inflammatory effect of SsBb on chondrocytes was first
recognized. Not only that, the SsBb/GelMA hydrogel also had
anti-inflammatory effects and modulated the inflammatory
response generated at the early stage of biomaterial
implantation.

Soyasaponins are amphiphilic oleanoid triterpenoid glyco-
sides with a variety of health-promoting bioactivities.29

Soyasaponins have been documented to have a regulatory
effect on macrophages, inhibiting prostaglandin E2 (PGE2),
nitric oxide (NO), and TNF-a and decreasing the mRNA

Figure 4. Biological properties of the SsBb/GelMA hydrogel. (A) GelMA and SsBb/GelMA groups were stained by live/dead fluorescent staining.
(B) Relative fluorescence intensity of GelMA and SsBb/GelMA groups. (C) Cytotoxicity of GelMA and SsBb/GelMA hydrogels in human
chondrocytes (24, 48, and 72 h). *p < 0.05; ns, no significance.
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expression levels of cyclooxygenase (COX-2) and inducible
nitric oxide (NO) synthase in LPS-activated peritoneal
macrophages.30 In addition to this, IL-6 released by M1
macrophages has an important role in early acute inflamma-
tion.31,32 In the experimental results of this study, we can see
that SsBb played an ameliorative role in the IL-1β-induced
chondrocyte inflammation model, reducing the protein and
mRNA expression levels of iNOS, COX-2, and IL-6. It is worth
mentioning that although all three concentrations of SsBb
showed significant ameliorative effects on the chondrocyte
inflammation model, there was no significant difference among
the three groups. Therefore, according to the principle of the
minimum effective dose,33 1 μg/mL of SsBb was chosen for
the subsequent experiments, which was also more favorable for
clinical translation.

Among the many pathways associated with the inflammatory
response, the NF-κB signaling pathway is important.34,35 IKK
signaling-induced phosphorylation of the IκB molecule, on the
other hand, is a central event in the activation of the NF-κB
signaling pathway.36 IKKβ is essential for typical NF-κB
activation by proinflammatory cytokines and a variety of
microbial products. Activated IKKβ induces the phosphor-
ylation of IκB proteins, leading to K48-linked ubiquitylation of
IκBs and their subsequent degradation, which subsequently
results in the release of the NF-κB dimer from cytoplasmic
inhibition.37 The released NF-κB dimers translocate to the
nucleus and drive transcription of target genes.38 We analyzed

the mechanisms involved in the inhibition of inflammatory
responses by SsBb by RNA-seq and confirmed that the NF-κB
signaling pathway is closely related to this study. Our results
also showed that IL-1β-induced inflammatory response
activated the NF-κB signaling pathway. However, SsBb
reversed this situation by inhibiting the phosphorylation of
p65 and iKBa, thus reducing the expression of inflammation-
related markers in chondrocytes.

GelMA, as an ideal biomaterial, has a cross-linked three-
dimensional porous structure that closely resembles some of
the basic properties of ECM.39 This is due to the presence of
cell attachment and matrix metalloproteinase-responsive
peptide motifs in GelMA, which allows cells to proliferate
and spread in the scaffold of GelMA.40 It is worth noting that
chemical modification of gelatin by MA generally involves less
than a 5% molar ratio of amino acid residues, which means that
most of the functional amino acid motifs (RGD motifs and
MMP-degradable motifs) are not significantly affected.41 The
arginine−glycine−aspartate acid (RGD) sequence promotes
cell attachment, and the matrix metalloproteinase (MMP)
target sequence is suitable for cell remodeling. During the
configuration of GelMA solutions, the mass/volume fraction is
typically 5% w/v to 30% w/v. The mass/volume fraction
influences the biological properties of GelMA hydrogels.42 In
general, the mass/volume fraction is proportional to the
mechanical strength of the hydrogel and inversely proportional
to the swelling rate and cell proliferation.43 And the swelling

Figure 5. SsBb/GelMA’s protective effects against inflammation induced by IL-1β. (A−D) The protein expression levels of iNOS, COX-2, and IL-
6 were determined using Western blotting. (E−G) q-PCR was used to determine the mRNA levels of iNOS, COX-2, and IL-6. *p < 0.05, **p <
0.01, ***p < 0.001. I (+), IL-1β.
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property of hydrogel represents the water absorption property
as well as the space to accommodate the cells.30 Therefore, the
10% (w/v) GelMA hydrogel was chosen for this study. GelMA
also acted as a drug carrier and was successfully loaded with
SsBb. There was no explosive drug release from SsBb/GelMA
but rather a slow, steady, and long-lasting release. The
alteration of the chemical bond occurs during physical
blending and UV cross-linking of SsBb and GelMA. As a
result, the pore size of SsBb/GelMA hydrogels decreased while
the mechanical strength was enhanced. However, the reduced
pore size did not affect the biological properties of SsBb/
GelMA, as determined by in vitro live/dead staining results
and anti-FBR response tests.

Moreover, the anti-inflammatory effect of the SsBb/GelMA
hydrogel was significantly better than that of the pure GelMA
hydrogel, which was consistent with the previous expectation.
The experimental results of immunohistochemical staining also
showed that the SsBb/GelMA hydrogel had the same anti-FBR
effect in vivo. At 2 weeks of implantation, there was a clear,
dense inflammatory cell enrichment of the SsBb/GelMA

hydrogel at the implant−host interface, albeit in a very thin
layer, but this phenomenon subsequently disappeared at 4 and
8 weeks. This occurrence may be due to the slow release of the
drug from SsBb. However, this did not affect the proliferation
and differentiation of chondrocytes within the SsBb/GelMA
hydrogel or the maintenance of the phenotype. The
biochemistry and specific mechanism of action of the
compound soyasaponin are also worth exploring. Since the
activation of the NF-kB may affect ROS production, the role of
free radicals and ROS in the context of inflammation and tissue
engineering needs to be explored. The mechanism of NF-kB
activation during inflammatory responses and its subsequent
effects on ROS production can be studied. Besides, the effect
of elevated ROS on chondrocyte viability, proliferation, and
differentiation, as well as their implications for the integration
of tissue engineering implants, is also a direction. Antioxidants
or other approaches should be investigated to mitigate ROS
production and improve tissue integration.

In summary, soyasaponin Bb, as a small molecule in
traditional Chinese medicine, can regulate the inflammatory
response of chondrocytes induced by IL-1β and inhibit the
expression of inflammation-related markers. Multiple signaling
pathways were found to be related to the anti-inflammatory
effects of SsBb by RNA-Seq results, while the NF-κB signaling
pathway was selected, which confirmed its role in the
inhibition of inflammatory responses by SsBb. SsBb/GelMA,
as a new direction for anti-FBR biomaterials, can alleviate the
foreign body reaction after hydrogel implantation and help
stabilize the repair and regeneration of cartilage tissue. We
believe that SsBb/GelMA hydrogels have potential applica-
tions in the development of anti-FBR biomaterials and tissue
regeneration and repair.

4. CONCLUSIONS
In summary, we confirmed that SsBb has the ability to inhibit
the inflammatory response of chondrocytes, which is achieved
through the NF-κB signaling pathway. Not only that, we also
developed SsBb/GelMA hydrogel scaffolds capable of stable
drug release, with the ability of anti-FBR and stable tissue
repair and regeneration. As an anti-FBR biomaterial, the SsBb/
GelMA hydrogel has the potential not only for cartilage tissue
repair but also can be equally developed for other tissue repair
or wound healing processes related to inflammatory response.

5. MATERIALS AND METHODS
5.1. Chemicals and Reagents. Soyasaponin Bb (MCE,

China). GelMA (EFL, China). IL-1β (MCE, China). Cell
Counting Kit-8 (Invitrogen, America). Anti-GAPDH antibody
(60004-1-Ig, Proteintech, China). Anti-iNOS antibody
(18985-1-AP, Proteintech, China). Anti-COX2 antibody
(12375-1-AP, Proteintech, China). Anti-IL6 antibody
(21865-1-AP, Proteintech, China). Anti-p65 antibody
(10745-1-AP, Proteintech, China). Anti-pp65 (3033S, CST,
China). Anti-ikBa antibody (10268-1-AP, Proteintech, China).
Anti-pikBa antibody (2859S, CST, China). Anti-Histone H3
antibody (17168-1-AP, Proteintech, China).
5.2. Fabrication of the SsBb/GelMA Hydrogel. GelMA

was purchased from EFL (China). Briefly, SsBb powder was
first dissolved with complete medium at a concentration of 0.1
mg/mL. The 10% GelMA hydrogel was configured by
dissolving 1 g of GelMA with 10 mL of photoinitiator
(LAP) (0.25% w/v) at 60 °C, followed by bacterial filtration

Figure 6. In vivo histological comparison of hydrogels implanted into
the back of rabbits. (A) In vivo implantation and removal of the
hydrogel. (B) Peri-implant inflammatory response assessed by H&E
staining results at 2, 4, and 8 weeks after in vivo implantation of
GelMA and SsBb/GelMA groups. (C) The cartilaginous tissue
maturity and quality of hydrogels after in vivo implantation at 2, 4,
and 8 weeks.
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with a 0.22 μm filter. The SsBb solution was physically co-
mixed with the GelMA solution at room temperature with
sufficient stirring to configure a SsBb/GelMA hydrogel, which
was subsequently cross-linked to form a cylindrical hydrogel
with a diameter of 8 mm and a height of 2 mm under 405 nm
UV illumination and stored at 4 °C.
5.3. Drug Release of the SsBb/GelMA Hydrogel. The

hydrogel sample was immersed in 10 mL of PBS buffer
solution (pH 7.4, 0.01 M) and placed at 37 °C, and the same
amount of sample was collected at predetermined intervals and
added to a certain volume of fresh buffer solution media to
maintain the simulated release conditions. The concentration
of SsBb was then determined by using HPLC analysis
(Waters2695). The mobile phase consisted of acetonitrile
(solvent A), water (solvent B), and acetonitrile at a flow rate of
1.0 mL/min. The chromatographic column used was Ultimate
SHISEIDO PAK C18 ACR (4.6 mm × 250 mm, 5 μm); the
wavelength detector was set to 203 nm. The samples of each
experiment were analyzed in triplicate. The cumulative release
percentage was calculated for each time point interval.
5.4. Surface Morphology of the SsBb/GelMA Hydro-

gel. GelMA and SsBb/GelMA were immersed in PBS after

fully UV cross-linking. The pore structure and size of samples
were observed by cryo-SEM (Sigma 300 + Quorum pp3010 +
Oxford ULTIM MAX 100). The pictures were randomly
selected by cryo-SEM and magnified 400 times and 800 times
to observe the surface morphology of the hydrogel at least
three times.
5.5. Mechanical Testing of the SsBb/GelMA Hydrogel.

In order to characterize the mechanical properties of the
hydrogel, GelMA and SsBb/GelMA hydrogels were tested
using the equivalence force test instrument. The samples were
molded into cylindrical shapes with a diameter of 2 cm and a
height of 0.5 cm to test the compress stress. The speed of
stretching and compressing is 1 mm/min. The stress−strain
curves were drawn after three random tests.
5.6. Swelling and Degradation Characteristics of

SsBb/GelMA. Each sample was immersed in 1 mL of
double-distilled water at a constant temperature of 37 °C to
verify the swelling behavior of hydrogels (n = 3). In order to
test the swelling rate of hydrogels, samples were removed to
record wet weight (Wt) and measured within 1 day of
collection. Each hydrogel was weighed before immersion and
recorded as W0. The swelling rate was calculated using the

Figure 7. In vivo collagen thickness by Masson staining. (A) The Masson results of GelMA and SsBb/GelMA hydrogels after in vivo implantation
at 2, 4, and 8 weeks. (B−D) The thickness of collagen fibrous tissue at 2, 4, and 8 weeks. *p < 0.05, **p < 0.01, ***p < 0.001.
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following equation: S % = (Wt − W0)/W0 × 100%. Each group
measured three parallel specimens.

In order to test the degradation rate of hydrogels, samples
were removed to record the original weight (W0). Each sample
was immersed in 1 mL of double-distilled water at a constant
temperature of 37 °C and weighed every 7 days after
lyophilizing for 24 h according to the time point. The dry
weight of the samples was calculated as W1. Then, the hydrogel
degradation rate was calculated using the following equation: E
% = (W0 − W1)/W0 × 100%. Each group measured three
parallel specimens.
5.7. Fourier Infrared Spectroscopy of GelMA and

SsBb/GelMA. The chemical properties of the hydrogels
photo-cross-linked were characterized by Fourier transform
infrared spectroscopy (FTIR). Data acquisition was performed
using an FTIR spectrometer (Varian 670, Agilent, Santa Clara,
CA, USA) connected to a plotting microscope (Varian 620-IR,
Agilent, Santa Clara, CA, USA). Obtained samples were
analyzed in the interval from 400 to 4000 cm−1 with a spectral
resolution of 4 cm−1 with 64 scans per minute and a total of
100 scans per spectrum.

5.8. Primary Cell Extraction and Culture. The
acquisition of human auricular cartilage specimens was
approved by the Ethics Committee of The First Hospital of
Jilin University, and animal experiments were both approved
by the Ethics Committee of Jilin University. Microtia ear
cartilage specimens were obtained during the third stage of ear
reconstructive surgery, which is to reshape the implanted
scaffold by getting rid of redundant cartilage. Specimens were
carefully dissected to remove the fibrous tissue. Chondrocytes
were isolated by digesting minced cartilage tissue (1 × 2 cm2)
with collagenase II (0.2%; Biosharp, China) for 6 h at 37 °C
with gentle agitation.44 The suspension was filtered through a
nylon mesh (200 μm) followed by centrifugation at 1000 rpm
for 10 min, and the cells were harvested, counted, and plated at
a density of 1.5 × 104 cells/cm2 for culture in the regular media
[Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal
bovine serum (FBS), 100 U/mL penicillin, and 0.1 mg/mL
streptomycin] in a humidified 37 °C incubator with 5% CO2.
To prevent phenotypic loss, we used only the P2
chondrocytes.44

5.9. Cell Experiments. The P2 chondrocytes were made
into 3 × 104/mL cell suspension, inoculated in 96-well plates,

Figure 8. In vivo immunohistochemistry for IL-6. (A) The immunohistochemistry for IL-6 results of GelMA and SsBb/GelMA hydrogels after in
vivo implantation at 2, 4, and 8 weeks. (B−D) The percentage of the expression of IL-6 with immunohistochemistry. **p < 0.01, ***p < 0.001.
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100 μL per well, after 24 h of wall affixation, different
concentrations of SsBb (1−100 μg/mL) were added for
grouping, 10 μL of CCK8 assays was added to each well after
24, 48, and 72 h of intervention, and then the cells were
incubated in the incubator for 2.5 h and then detected. The
cell viability of each group was calculated according to the
formula to screen the optimal concentration of SsBb on
chondrocytes. The concentrations of SsBb in chondrocytes
were 1, 5, and 10 μg/mL. IL-1β was used to induce the
chondrocyte inflammation model at 10 ng/mL.45 The
endotoxin test was performed prior to implants using the
chromogenic LAL endotoxin assay kit (Beyotime, China).
5.10. Western Blot. To test changes in chondrocyte

inflammation-related proteins, expression of iNOS, COX-2, IL-
6, GADPH, iKBa, p-iKBa, p65, p-p65, and Histone3 was
examined. Appropriate amounts of RIPA lysis buffer and
protease inhibitor were used to dissolve the cells. The
concentration of the total protein was determined by the
BCA method. 50 μg of total protein was electrophoresed on a
10% SDS-PAGE gel, electrolyzed to nitrocellulose membrane,
blocked with skim milk for 1 h, and incubated with primary
antibody (1:1000) at 4 °C overnight, fully washed, and
incubated with HRP-labeled secondary antibody (1:5000) for
1 h at room temperature. Finally, ECL reagents were added to
obtain the band, and the Image Pro image analysis software
was used to scan the gray values of each band. The GAPDH
and Histone3 protein levels were used as an internal reference.
5.11. q-PCR. Total RNA was isolated from human

chondrocytes using the TRIzol reagent (Invitrogen, Carlsbad,
CA, USA). RNA concentrations were detected and adjusted to
the same concentrations before reverse transcription with the
PrimeScript RT Master Mix (TransGen, Biotech). SYBR
Premix Ex TaqII (TransGen, Biotech) and the 7500 real-time
PCR system (7500, Applied Biosystems, USA) were used for
q-PCR. Briefly, the final PCR system was carried out in a 20 μL
system in the following procedure: initial denaturation (95 °C,
5 min), then subjected to 40 cycles of denaturation (95 °C, 10
s), annealing, and extension (60 °C, 30 s). The sequence
information for each primer used for gene expression analysis
was as follows: COX2, F 5′CTGGCGCTCAGCCATACAG R
5 ′CGCACTTATACTGGTCAAATCCC; iNOS, F
5′TTCSGTATCACAACCTCAGCAAG R 5′TGGACCTG-
CAAGTTAAAATCCC; IL-6, F 5′ACTCACCTCTTCA-
GAACGAATTG R 5′CCATCTTTGGAAGGTTCAGGTTG;
and GAPDH, F 5′GGAGCGAGATCCCTCCAAAAT R
5′GGCTGTTGTCATACTTCTCATGG. The amplification
efficiency and specificity of the primers have been validated.
Gene expression was analyzed for fold differences using 2−ΔΔCT

with GAPDH as the internal reference control.
5.12. RNA-Seq. Total RNA was extracted from the

chondrocytes using the TRIzol reagent as before. RNA
samples were detected based on the A260/A280 absorbance
ratio with a Nanodrop ND-2000 system (Thermo Scientific,
USA), and the RIN of RNA was determined by an Agilent
Bioanalyzer 4150 system (Agilent Technologies, CA, USA).
Only qualified samples were used for library construction.
Paired-end libraries were prepared using a mRNA-seq Lib Prep
kit (ABclonal, China) following the manufacturer’s instruc-
tions. Sequencing was performed with an Illumina NovaSeq
6000/MGISEQ-T7 instrument. The data generated from the
Illumina/BGI platform were used for bioinformatics analysis.
All of the analyses were performed by using an in-house
pipeline from Shanghai Applied Protein Technology. Then,

clean reads were separately aligned to the reference genome
with orientation mode using HISAT2 software (http://
daehwankimlab.github.io/hisat2/) to obtain mapped reads.
Feature Counts (http://subread.sourceforge.net/) was used to
count the read numbers mapped to each gene. And then,
FPKM of each gene was calculated based on the length of the
gene and read count mapped to this gene. Moreover,
differential expression analysis was performed using DESeq2
(http://bioconductor.org/packages/release/bioc/html/
DESeq2.html); DEGs with |log2 FC| > 1 and Padj < 0.05 were
considered to be significantly different expressed genes. We use
the clusterProfiler R software package for GO function
enrichment and KEGG pathway enrichment analysis. When
P < 0.05, it is considered that the GO or KEGG function is
significantly enriched.
5.13. Culture of Chondrocytes on the SsBb/GelMA

Hydrogel. Primary chondrocytes were extracted. The P2
chondrocytes were collected at full growth and made into cell
precipitates, which were analyzed with GelMA and SsBb/
GelMA solution to resuspend and obtain a cell suspension with
a density of 4 × 106/mL. Subsequently, the 125 μL suspension
solution was used to prepare a cell-laden hydrogel, as before.
The cell-laden hydrogels were placed in 12-well plates and
incubated in DMEM at 37 °C, 5% CO2, and the medium was
changed every 2 days.
5.14. Cell Proliferation Assay. In order to measure the

proliferation of cells on hydrogel materials, a cell counting kit-8
(CCK8) was used. Briefly, a leaching solution was prepared by
soaking GelMA and SsBb/GelMA hydrogels in HIGH DMEM
for 3 days. The P2 chondrocytes were made into a 3 × 104/mL
cell suspension, inoculated in 96-well plates, 100 μL per well,
with 6 wells per group, and the plate was incubated in a 5%
CO2 constant temperature incubator at 37 °C for 24 h. The
culture medium was then replaced with a leaching solution.
After culturing for another 24, 48, and 72 h, 10 μL of CCK8
solution was added to each well and incubated for 2.5 h. The
wells subsequently were detected using an immunoenzyme-
labeled instrument at a wavelength of 450 nm.

To test the toxicity of SsBb/GelMA hydrogels, samples were
placed in 12-well plates. Live-dye dyeing was performed on
days 1, 3, 5, and 7, and images of live/dead assays were
observed by fluorescence microscopy (ZEISS, Germany)
under excitation conditions of 488 and 568. Green
fluorescence was used for living cells and a red fluorometer
for dead cells, and the number and status of cells were assessed.
5.15. In Vitro Inflammation Inhibition by the SsBb/

GelMA Hydrogel. To explore the role of the SsBb/GelMA
hydrogel in modulating inflammation in vitro, Western blot
and q-PCR were used. First, the cell-laden hydrogels were
made as before. After culturing for 7 d, the cell-laden hydrogel
samples were washed with PBS three times, and the hydrogels
were cleaved with GelMA lysis solution. Subsequently, cellular
proteins and RNA were extracted for Western blot and q-PCR.
5.16. Establishment of the Rabbit Model. To detect in

vivo inflammatory regulation, cell-laden hydrogel samples were
implanted on the backs of rabbits. Briefly, male rabbits aged 4
months were selected, and one ear was taken under isoflurane
anesthesia to extract primary chondrocytes of rabbit ear. The
rabbit P2 chondrocytes were collected when full-grown and
mixed with GelMA and SsBb/GelMA solutions to form a 4 ×
106/mL cell suspension, which was subsequently fabricated as
cell-laden hydrogel samples for implantation in the back pocket
of the same rabbit.8 After 2, 4, and 8 weeks of incubation, the
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samples were taken out for H&E, toluidine blue, Masson, and
IL-6 immunohistochemical staining to detect the inflammatory
encapsulation response of the implants.
5.17. H&E, Toluidine Blue, Masson, and Immunohis-

tochemical Staining. The samples were thoroughly washed
with physiological saline and immersed in 4% paraformalde-
hyde for 24 h. After dehydrating and wax block embedding,
paraffin sectioning was sliced to a thickness of 5 μm to stain.

The sections were subjected to dewaxing pretreatment.
H&E staining and toluidine blue staining were carried out for
10 and 30 min, respectively, and the sections were gradually
stained according to the Masson kit (Solarbio, China),
followed by dehydration of the alcohol gradient, and the
resin gel was sealed after air drying.46 Morphological
observations were made at random selection and photo-
graphed using an OLYMPUS VS200 slide scanner.

After the dewaxing pretreatment, the sections were gradually
stained according to the UltraSensitive SP IHC kit (MXB,
China). Sections were incubated with antibodies against IL-6
to observe the expression changes. Immunopositive particles
were observed at random selection and photographed using an
OLYMPUS VS200 slide scanner.

The histology and IHC were quantified by FIJI ImageJ and
GraphPad. The regions were observed at random selection,
and 5 fields of view at 40× were selected for each section to be
observed. The results were blinded and assessed by two
professional pathologists.
5.18. Statistical Analysis. All the data were analyzed with

an ANOVA test using GraphPad for Windows. A probability
value of p < 0.05 was statistically significant. Image statistics
were analyzed by ImageJ.
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